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Summary
In order to maintain a multicellular organism cells need to interact and com-
municate with each other. Signalling cascades such as the Bone Morphogenic
Protein (BMP) and Hedgehog (Hh) signalling pathways therefore play essen-
tial roles in development and disease. Intercellular signalling also underlies
the function of stem cell niches, signalling microenvironments that regu-
late behaviour of associated stem cells. Range and intensity of the niche
signal controls stem cell proliferation and differentation and must there-
fore be strictly regulated. The testis and ovary of the fruit fly Drosophila
melanogaster are established models of stem cell niche biology. In the api-
cal tip of the testis, germ line stem cell (GSCs) and somatic cyst stem cells
(CySCs) are arranged around a group of postmitotic somatic cells termed
hub. While it is clear which signals regulate GSC maintenance it is unclear
how these signals are spatially regulated. Here I show that BMP signalling is
specifically activated at the interface of niche and stem cells. This local acti-
vation is possible because the transport of signalling and adhesion molecules
is coupled and directed towards contact sites between niche and stem cells. I
further show that the generation of the BMP signal in the wing disc follows
the same mechanism.
Hh signalling controls somatic stem cell populations in the Drosophila ovary
and the mammalian testis. However, it was unknown what role Hh might
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play in the fly testis, where the components of this signalling cascade are
also expressed. Here I show that overactivation of Hh signalling leads to an
increased proliferation and an expansion of the cyst stem cell compartment.
Finally, while the major components of the Hh signalling pathway are known,
detailed knowledge of how signal transduction is implemented at the cell bi-
ological level is still lacking. Here, I show that localisation of the key signal
transducer Smo to the plasma membrane is sufficient for phosphorylation of
its cytoplasmic tail and downstream pathway activation. Using advanced,
microscopy based biophysical methods I further demonstrate that Smo clus-
tering is, in contrast to the textbook model, independent of phosphorylation.
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Chapter 1
Introduction
9
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Figure 1.1: Communication.
(http://englishwithatwist.com//wp-content/uploads/2013/05/Blog-communication-
cartoon.jpg, 11.06.2014.)
Communication generally means to convey information by speech, signals,
writing etc. . Communication also means social interaction as e.g. humans
must communicate to generate and maintain a controlled and responsible
society. Cells do the same. In order to maintain a multicellular organism
cells need to interact and communicate with each other. Unicellular organ-
isms such as bacteria or yeast perform cell to cell communication in order
to influence one another’s behaviour. Under unfavourable conditions bak-
ers yeast for example sends a signal which informs yeast cells of opposite
mating types to prepare for mating. Four spores are generated which are
resistant structures to survive the unfavourable conditions. Just as human
communication involves a complex and sophisticated language, cell-to-cell
communication has evolved as a complex and sophisticated system of signal
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transmission and reception. Communication between cells is mainly medi-
ated by extracellular signal molecules. Typically cells both emit and receive
signals. Reception of the signals depends on receptor proteins, usually at
the cell surface, which specifically bind the signal molecule. The binding
activates a rely chain of molecules to process the signal inside the receiving
cell and initiates an appropriate response.
In this work two signalling pathways, which both play essential roles during
animal development and disease are investigated. The general mechanism of
both BMP signalling and Hh signalling is well understood. Their roles dur-
ing embryonic development, stem cell biology and adult tissue homeostasis as
well as their implication in many diseases such as cancer has been described
in a plethora of studies. Still, there are gaps and the mechanisms of signal
transduction remain not fully understood. In this work I aimed to gain a
more detailed understanding of the mechanism of signalling in both path-
ways. Ultimately, the detailed knowledge on how, where and when a signal
is emitted, received and transduced is necessary for developing therapeutic
strategies to target the consequences of dysregulation.
I used the fruit fly Drosophila melanogaster as model organism. Although
flies and humans may not look very similar they share most of the funda-
mental biological mechanisms and pathways that control development and
survival. Drosophila has been extensively studied for over a century and
turnd out to be an ideal organism for the study of animal development and
behaviour, neurobiology, and human genetic diseases and conditions. There
is a vast range of genetic tools available for Drosophila which simplifies ge-
netic manipulations.
The male germline stem cell niche of Drosophila serves as a good example
of the strict regulation of cell-to-cell communication. Here, I focus on the
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BMP signal pathway which is the major signal that regulates the renewal
of germline stem cells (GSC) [Kawase et al., 2004]. The Drosophila BMP
homologue Decapentaplegic (Dpp) is one of the most extensively studied se-
creted signalling molecules. Dpp is expressed in the developing wing where
it forms a concentration gradient, signalling over a long range (several cell
diameters). The situation is different in the GSC niche: only GSCs which
are in direct contact with somatic hub cells receive the niche signal Dpp and
maintain their stem cell character. Thus, the signalling range is restricted
to individual stem and hub cells. How this mode of signal transmission is
achieved and whether it is unique to the testicular niche is unclear.
The fly testicular niche holds a second stem cell population, the cyst stem
cells (CySC) which give rise to cyst cells which later envelop the differentiat-
ing sperm cells. CySCs are regulated by the Jak/Stat pathway by expressing
the transcriptional repressors Zinc finger homeodomain 1 (zfh1) and chrono-
logically inappropriate morphogenesis (chinmo), as response to the signalling
molecule Unpaired (Upd) [Leatherman and Dinardo, 2008; Flaherty et al.,
2010]. In addition, it has been shown that in the fly ovary, Hh produced by
the cap cells controls maintenance of the somatic follicle stem cells (FSCs)
[Forbes et al., 1996; Margolis and Spradling, 1995; Zhang and Kalderon,
2001]. The role of Hh in the testicular niche is still not known.
As mentioned earlier, detailed knowledge of every step within a signalling cas-
cade is essential to prevent and correct its dysregulation. Although the major
components of the Hh signalling pathway are known, it still remains unclear
how excatly the signal is transmitted. The Hh receptor Ptc represses the key
signal transducer Smo if Hh is not present [Ingham et al., 1991; Marigo et al.,
1996]. The binding of Hh to Ptc alleviates this repression. The individual
events which immediately follow are the redistribution of Smo protein from
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intracellular membranes to the plasma membrane, the phosphorylation of
the cytoplasmic tail of Smo and Smo protein clustering. However, the order
and interdependence of these events are poorly understood yet.
In the following I state the aims of this thesis and how I will address them.
14
Aims of the thesis
1. The BMP homologue Dpp is a classical long range morphogen [Nellen
et al., 1994]. Yet, in the germ line stem cell niche the niche signal Dpp
has a very short range, forming a sharp transition from stem cells to
differentiating cells. I therefore want to answer the following question:
What mechanism restricts the signal range of Dpp in the germ
line stem cell niche?
To address this question I will:
• track the activation of the signal pathway with sub cellular reso-
lution.
• dissect the mechanism that spatially restricts the signal range.
• test whether this mechanism is unique to the germ line stem cell
niche.
2. Hh is important for the regulation of follicle stem cells in the ovary
[Zhang and Kalderon, 2001]. Experiments performed by Marcus Michel
show that components of the Hh signalling pathway are expressed in
the testis [Michel et al., 2012]. He could also show that loss of Hh sig-
nalling decreases the number of CySCs. I want to answer the following
question:
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How does excessive Hh signalling effect the somatic stem cell
compartment?
To address this question I will:
• study the effects of pathway overactivation in the context of the
niche.
3. Genetic analyses in various organisms including the fruit fly have un-
covered the major components of the Hh signalling pathway. However,
the implementation of signal transduction at the cell biological level is
not entirely understood. I want to answer the following questions:
How does pathway activation effect the localisation of Smo?
and What event in the signalling cascade induces Smo cluster-
ing?
To address these questions I will:
• track the activation of the signal pathway with sub cellular reso-
lution.
• measure the clustering behaviour of Smo under various conditions.
16
Chapter 2
Generation of a local BMP
signal in testis and wing disc
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2.1 Introduction
2.1.1 Stem cells and stem cell niches
Humans renew their skin a thousand times over in the course of a lifetime.
Cells in the basal layer of the epidermis for example continually divide to pro-
duce progenies which differentiate into specialized cells such as keratinocytes.
This process can only be maintained if the basal cell population remains un-
differentiated and is self-renewing. Cells with these properties are called stem
cells. Stem cells divide without limit (or at least for the lifetime of the ani-
mal). When a stem cell divides each daughter has a choice: it either remains
a stem cell or it commits to differentiation (Fig. 2.1). Stem cells are required
wherever there is a need to replace differentiated cells that cannot themselves
divide. Therefore, stem cells are of many types, e.g. hemopoietic stem cells
to generate blood cells, mammary stem cells to generate milk secreting cells,
germline stem cells to generate sperm and oocyte.
Maintenance of stem cells and the regulation of their self-renewal and differ-
self-renewal
terminally
differentiated cell
Figure 2.1: The definition of a stem cell. When a stem cells divides into two
daughter cells, each of the daughters can either remain a stem cell or gon on to become
terminally differentiated.
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entiation is thought to depend on their specific microenvironement or stem
cell niche. A stem cell niche constitutes stromal cells which produce factors
to control stem cell behaviour. The term ”stem-cell niche” was first proposed
to describe the microenvironement by which hemopoietic stem cells (HSC)
are regulated [Schofield, 1978]. The first niche to be defined at cellular and
functional levels was described in the Drosophila ovary [Xie and Spradling,
2000]. Subsequently, many more niches have been associated with various
stem cells, including the bone marrow [Zhang et al., 2003; Calvi et al., 2003],
the hair follicle bulge [Tumbar et al., 2004] or the intestinal crypt [Pinto
et al., 2003].
Stem cells hold many promises for clinical applications and regenerative
medicine. Yet, transplantation of blood or skin stem cells are currently the
only established stem cell therapies to treat certain conditions (e.g. severe
burns of the skin) and diseases (e.g. leukaemia). So far, the main obstacle
for using stem cells in regenerative medicine is their unsuccessful expansion
in vitro. Therefore, characterizing the composition of a stem cell niche as
well as understanding the molecular cross-talk between stem cells and the
cellular constituents of the niche are of great importance.
Understanding how a model stem cell niche, such as the fly testicular niche
functions at the molecular and tissue level will be of general interest, espe-
cially as the same signalling cascades have been implicated in regulating e.g.
human bone marrow [Challen et al., 2010] and neuronal stem cells [Machold
et al., 2001; Han et al., 2008].
2.1.2 The Drosophila testis stem cell niche
In the Drosophila testis two types of stem cells are responsible for produc-
ing differentiated germ cells and somatic cyst cells. Cyst cells support the
20
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GSC
Gonialblast
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Germline cyst
gonad
genital duct
accessory structures
BA
Figure 2.2: Drosophila testis and germline stem cell niche. (A) Location of the
testis in the fly’s abdomen. The red box indicates the apical tip of the testis where the
GSC niche is located. (B) GSCs and CySCs are grouped around a cluser of somatic cells
termed hub. Image in (A) modified from [Hartenstein, 1993].
developing germ cells through the stages of spermatogenesis similar to what
Sertoli cells do in mammals.
In the apical tip of the testis 7 to 12 GSCs are grouped around a cluster of
differentiated somatic niche cells known as the hub [Hardy et al., 1979] (Fig.
2.2). The hub secretes several stem cell factors and constitutes the main
part of the niche for both stem cell populations [Kiger et al., 2001; Kawase
et al., 2004]. Each GSC is surrounded by two CySCs, which make their own
contacts with the hub [Hardy et al., 1979]. GSCs undergo asymmetric di-
vision: one daughter cells remains in direct contact with the hub cells and
self-renews [Yamashita et al., 2003]. The second daughter cell detaches from
the hub to become a gonialblast and begin differentiation. The gonialblast
progresses through four rounds of incomplete mitotic divisions to form a clus-
ter of 16 spermatogonial cells. In the following these cells commit to terminal
differentiation and ultimately become mature sperm. 64 sperms arise from a
16-cell-cluster by meiosis [Hardy et al., 1979]. CySCs also divide asymmetri-
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cally and the differentiating daughter cell forms a cyst cell which surrounds
the gonialblast. Typically, two cyst cells envelop a gonialblast. They do not
divide further but grow to engulf the spermatogonial cell cluster throughout
spermatogenesis [Hardy et al., 1979].
Somatic hub cells as well as CySCs produce signals to promote GSC main-
tenance. The two key stem cell niche signals are BMP and Jak/Stat [Kiger
et al., 2001; Tulina and Matunis, 2001; Shivdasani and Ingham, 2003; Kawase
et al., 2004; Schulz et al., 2004]. Jak/Stat signalling via Upd primarily regu-
lates adhesion of GSCs to the hub: if adhesion is lost GSCs start to differen-
tiate leading to the loss of GSCs [Leatherman and Dinardo, 2010]. Besides,
Jak/Stat signalling is required for the maintenance of CySCs [Leatherman
and Dinardo, 2008; Flaherty et al., 2010], which produce the second niche
signal (along with hub cells): BMP [Shivdasani and Ingham, 2003; Kawase
et al., 2004]. To activate the BMP signalling pathway, transcription of the
differentiating factor Bag of marbles (Bam) needs to be repressed in GSCs
and Gonialblasts [Kawase et al., 2004; Schulz et al., 2004]. If bam is ectopi-
cally expressed GSCs undergo a premature differentiation and will ultimatley
be lost from the niche [Ohlstein and McKearin, 1997; Shivdasani and Ing-
ham, 2003; Sheng et al., 2009]. For this reason, Bam can be considered as
the key determinant for maintaining GSC stemness. Only GSCs which are in
direct contact with hub cells maintain stem cell fate [Yamashita et al., 2003].
If GSCs loose their adhesion to hub cells, e.g. due to impaired Jak/Stat
signalling, expression of bam is activated which ultimately leads to differen-
tiation [Leatherman and Dinardo, 2008]. This strong contact dependency
is rather surprising as BMP ligands are traditionally known to function as
long range (over several cell diameters in the fly wing disc) morphogens. The
mammalian bone marrow haematopoietic-stem-cell-niche shows a similar ar-
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rangment: tight adhesion and juxtaposition of stem cell and niche cell are
crucial for efficient signal transmission [Calvi et al., 2003; Zhang et al., 2003].
In reminiscence of the neuronal synapse a stem-cell-niche-synapse was pro-
posed for the haematopoietic-stem-cell-niche [Wilson and Trumpp, 2006].
We hypothesize that, considering the contact dependency of GSCs to hub
cells and the fact that BMPs typically act over a large range, a stem-cell-
niche-synapse exists between hub cells and GSCs.
2.1.3 BMP signalling in the fly
The BMP family belongs to the Transforming Growth Factor (TGF-β) su-
perfamily and contains more than 30 members [Ducy and Karsenty, 2000].
BMPs were originally identified for their ability to induce ectopic bone for-
mation [Senn, 1889; Urist, 1965]. We now know, mainly through molecu-
lar genetic studies in Drosophila, that BMPs play an essential role during
embryonic development (e.g. development of the wing disc) and adult tis-
sue homeostasis (e.g. maintenance of germline stem cells). Aberrant BMP
signalling causes several developmental defects, and this pathway has been
linked to several gentic disorders.
BMPs are secreted as homo- or heterodimers linked by a disulphide bond.
Their spreading through the tissue is modulated by components of the extra-
cellular matrix. In Drosophila the proteoglycan Dally (Division abnormally
delayed) acts as a co-receptor and prevents degradation and diffusion of the
ligand into the tissue [Akiyama et al., 2008]. Activation of the signalling
pathway is depicted in Fig. 2.3.
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Figure 2.3: The BMP signalling pathway. The receptor for BMPs consists of
a complex of type I (Tkv or Sax) and type II (Put) serine/threonine kinase receptors.
Binding of BMPs to this receptor complex results in the activation of the receptor. The
HSPG Dally acts as a co-receptor. The activated type I receptor directly phosphorylates
Mad, which, upon phosphorylation, translocates into the nucleus along with Med and
regulates the transcription of target genes. As a result, target genes such as sal are
upregulated. Modified from [Tabata, 2001].
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2.2 Results
The work presented here was performed by me and Marcus Michel with
whom I share the first authorship in Michel et al., 2011 and Christian Bökel.
Christian generated and tested the reporter. Marcus performed most of the
experiments in the testis. I performed experiments in the testis as well as
the wing disc. In addition to the work presented here, work from Adam P.
Kupinski and Raquel Pérez-Palencia, which is not shown was published in
Michel at al., 2011.
2.2.1 The BMP niche signal is transduced locally at
adherens junctions
To study BMP pathway activation with subcellular resolution and hence
gain spatial information about where on the plasma membrane the signal is
received, we developed a fluorescence-based reporter for BMP receptor acti-
vation. As mentioned earlier, type I BMP receptors are activated through
phosphorylation of the GS domain by the type II BMP receptor. The switch
from inhibitor (FKBP12) to substrate (R-Smad) binding defines the activated
state of the receptor [Huse et al., 2001]. We attached a genetically encoded
reporter cassette consisting of the conformation sensitive circularly permu-
tated yellow fluorescent protein (cpYFP) core of the InversePericam Ca2+
sensor [Nagai et al., 2001] and FKBP12 to the Drosophila type I BMP recep-
tor Tkv. This generated our reporter TIPF: Tkv-InversePericam-FKBP12.
Analogous to the Ca2+ mediated structural change of the chromophore in
the InversePericam protein, FKBP12 displacement following phosphoryla-
tion should allow the cpYFP core to relax into a fluorescent conformation
(Fig. 2.4). We tested the reporter for its ability to rescue the lethal effects of
25
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Tkv Punt
cpYFP
o
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on
Dpp
Figure 2.4: TIPF, a fluorescent reporter for BMP receptor activation. Upon
ligand binding to the BMP receptors and subsequent phosphorylation of Tkv by Punt,
the inhibitor protein FKBP12 is released from the receptor complex which generates a
binding site for the R-Smad transcription factor. The inhibitor-to-substrate switch causes
a conformational switch in the cpYFP core allowing its relaxation into a fluorescent con-
formation.
the amorphic tkv alleles tkv8 and tkvA12 [Michel et al., 2011]. We further vali-
dated TIPF in the Drosophila wing imaginal disc, where BMP signalling and
pathway activation is quanitatively well understood [Kicheva and González-
Gaitán, 2008; Michel et al., 2011] (Fig. 2.5).
Having a functional and reliable tool to detect BMP pathway activation at
hand, we expressed TIPF in flies using nos::Gal4-VP16 which drives strong
gene expression specifically in the germline. We observerved reporter fluo-
rescence at the plasma membrane of both somatic and germline cells. In
particular, we detected punctate regions of high signal intensity at the inter-
face between GSCs and hub cells indicating strong local receptor activation
(Fig. 2.6). The observed background pathway activation around all germ
cells is due to overexpression of the BMP receptor by nos::Gal4-VP16. It
is known that BMP receptor overexpression can cause ligand independent
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Figure 2.5: TIPF fluorescence reflects the Dpp morphogen gradient. (A) TIPF
in live L3 wing discs. Reporter fluorescence forms a gradient in the anterior as well as
the posterior compartment and exhibits a minimum along the compartment boundary
(bracket). This pattern reflects the Dpp activity gradient. Image Z projection of the most
apical 5 µm. (B) Normalized TIPF fluorescence versus distance from the compartment
boundary (a.u., arbitrary units). Different symbols denote individual discs, black curve
denotes the exponential fit to the average of all discs. TIPF fluorescence decays exponen-
tially with a decay length 29.4±2.9 µm comparable to GFP-Dpp and pMad gradients.
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pathway activation [Gruendler et al., 2001] and consistently, overexpression
of a Tkv-Cherry fusion protein using the same driver causes tumor-like ac-
cumulation of immature germ cells [Michel et al., 2011]. To obtain faithful
data on where the BMP signal is released and received, respectively, we ex-
pressed the reporter directly using a truncated version of the bam promoter.
This promoter construct is lacking all sequences responsible for BMP depen-
dent repression in GSCs and it was shown to drive gene expression in all
early germ cells in the ovary [Chen and McKearin, 2003]. This construct
(Bam∆27) drives moderate reporter expression in the germ cells of the testis
tip including the GSCs [Michel et al., 2011]. When expressed under the con-
trol of Bam∆27 reporter fluorescence was detected in small, subcellular foci
at the interface between hub cells and GSCs (Fig. 2.6). TIPF fluorescence
does not withstand the permeabilization required for GFP antibody stain-
ing, we therefore combined detection of the receptor signal with anti-Tkv
immunostaining against the extracellular portion of both TIPF and endoge-
nous Tkv. We observed that reporter fluorescence and hence Tkv activation
in Bam27::TIPF testes was limited to small, subcellular foci at the interface
between hub cells and GSCs and therefore associated with only a subset of
the total receptor pool (Fig. 2.6). Additional, presumably inactive receptors
were detected elsewhere on the GSC cortex, within the hub, and in differenti-
ating germ cells (Fig. 2.6), resembling the overall distribution of endogenous
Tkv. We conclude that, although receptors are in principle more widely
available, reception of the BMP niche signal is limited to subcellular foci on
interface between GSC and hub cells.
Next we tested whether these sites of signal transmission correspond to ad-
herens junctions. To visualize adherens junctions that connect neighbouring
somatic hub cells as well as GSCs and hub cells, we generated flies carrying a
28
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Figure 2.6: TIPF expression in the testis GSC niche.(A) TIPF expression in the
germline under nos::Gal4-VP16 control. Strong reporter fluorescence (green) is detected
in small foci at the interface of hub cells and GSCs (arrowheads). Germline cells are
labeld by Vasa (blue), hub cells with FasIII (red). (B) TIPF expression in the germline
underBam∆27 control. Reporter fluorescence (green, arrowheads) is limited to subcellular
foci on the interface between GSCs and hub cells marked by FasIII (blue). Immunostaining
(red) reveals the total Tkv pool elsewhere on the GSCs (arrow) and throughout the gonad.
The small inset in (A) represents the schematic orientation of the image plane. Scale bar
5 µm.
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ubi::DE-Cadherin-RFP transgene which faithfully labels adherens junctions
[Michel et al., 2011]. Since the ubiquitin promoter has low germ line activ-
ity [Michel et al., 2011], we observed strong DE-Cadherin-RFP expression
in the apical belt of adherens junctions (zonula adherens) connecting neigh-
bouring hub cells [Michel et al., 2011]. In addition, we observed punctate
structures of cadherins overlapping with or just adjacent to this apical belt
[Michel et al., 2011]. To be able to distinguish different junction popula-
tions we expressed DE-Cadherin-GFP in germ cells along with DE-Cadherin
expressed in somatic cells. We observed, that the punctate structures were
labeled by both GFP and RFP and thus correspond to adherens junctions
connecting GSCs and hub cells [Michel et al., 2011]. In testis expressing both
Bam∆27::TIPF and ubi::DE-Cadherin-RFP, reporter fluorescence coincided
with the punctate adherens junctions between hub und GSCs (Fig. 2.7),
indicating receptor activation at the interface between GSCs and hub cells.
Also, the expression of the BMP ligand Dpp, as visualized by GFP-Dpp,
displayed a punctate fashion and largely co-localized with the junctions con-
necting GSCs and hub cells (Fig. 2.7). Finally, receptor activation in GSCs
coincided with local concentrations of Dpp produced in the hub cells (Fig.
2.7). Hence, we conclude that the BMP niche signal is transduced locally at
adherens junctions between stem and niche cells.
2.2.2 Generation of the local BMP niche signal
The next question we wanted to answer was How is the local niche signal gen-
erated? and How is it directed towards adherens junctions between GSCs
and hub cells?, respectively. From studies in Drosophila pupal [Langevin
et al., 2005] and embryonic [Blankenship et al., 2007] epithelia we know that
the exocyst complex regulates the delivery of cadherins from the recycling
30
TIPF
FasIII
tRFP-DppTIPF tRFP-Dpp
TIPF
TIPF
DE-Cad-tRFPDE-Cad-tRFP
ubi::DE-Cadherin-tRFP; BamΔ27::TIPF  
b
DAPI
GFP-Dpp
DE-Cad
GFP-Dpp
DE-CadGFP-Dpp
A
B
C
upd::Gal4 Gal80ts; UAS::GFP-Dpp
upd::Gal4 Gal80ts; BamΔ27::TIPF/ UAS::tRFP-Dpp 
Figure 2.7: The BMP niche signal is transduced locally at adherens junc-
tions. (A) Receptor activation coincides with junctions at the hub-GSC interface. In live
Bam∆27::TIPF; ubi::DE-Cadherin-RFP testes, TIPF fluorescence (green, arrowheads) co-
incides with the punctate adherens junctions between hub and GSCs marked by DE-
Cadherin-RFP (red). (B) GFP-Dpp (green, arrowheads) expressed in the hub colo-
calizes with adherens junctions marked by DE-Cadherin immunostaining (red). DNA
(DAPI) in blue. (C) Receptor activation reflects local ligand accumulation. In upd::Gal4,
tub::Gal80ts; UAS::tRFP-Dpp/ Bam∆27::TIPF flies, reporter fluorescence in the germline
(green) coincides with local concentrations of tRFP-Dpp (red, arrowheads) in underlying
hub cells (marked by FasIII, blue, central section). The small insets represent the schematic
orientation of the image plane. Scale bar 5 µm.
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endosome (RE) to sites on the plasma membrane. The exocyst complex
is a conserved multi-subunit protein complex involved in the regulation of
membrane traffic [Munson and Novick, 2006]. If exocyst function is impaired
cadherins become trapped in enlarged REs positive for the small GTPase
Rab11. Thus the exocyst contributes to the maintenance of epithelial po-
larity by polarizing the DE-cadherin membrane transport towards existing
adherens junctions. To test whether this mechanism also operates in the for-
mation and maintenance of junctions in the hub we impaired exocyst function
by expressing transgenic RNAi constructs [Dietzl et al., 2007] against several
exocyst subunits (Sec5, Sec6, Sec8, Sec10, Sec15, Exo70) using a ups::Gal4
tub::Gal80ts driver. Of these, knockdown of the core subunits Sec6 and Sec8
caused detectable and consistent phenotypes. We therefore limited further
analysis to these two complex members. We observed that loss of exocyst
function caused a continued disintegration of the hub [Michel et al., 2011].
As expected, DE-Cadherin became trapped in enlarged Rab11-positive REs.
At the same time, maintenance of GSCs was strongly affected as germ line
cells still in contact with the hub started to express Bam-GFP, after knock
down of exocyst function (Fig. 2.8; Sec6: 7.8%, p=0.0229, n=55; Sec8:
36.4%, p=0.00041, n=44) [Michel et al., 2011]. We conclude that traffick-
ing of DE-Cadherin towards sites on the plasma membrane in hub cells in-
volves the exocyst complex and the Rab11-positive recycling compartment.
Based on this finding we wondered whether Dpp might share this trafficking
machinery, which would in fact solve the question of how the niche signal
is generated locally. To test this hypothesis we again used RNAi against
Sec6 and Sec8 to knock down exocyst function. We observed a striking ex-
pansion of the Rab11-positive RE marked by YFP-Rab11 in the hub (Fig.
2.8). At the same time, we observed a significant increase in the colocali-
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Figure 2.8: In the hub, trafficking of Dpp involves the exocyst complex.
(A-C) Colocalisation of tRFP-Dpp with YFP-Rab11. (A) In control testis only few tRFP-
Dpp punctae (red) colocalize with YFP-Rab11 punctae (green). In Sec6 RNAi (B) and
Gef263/Gef266 mutant testis colocalisation of tRFP-Dpp (red) and YFP-Rab11 (green) is
more pronounced. (D-E) Quantification of the effects of exocyst RNAi and Gef263/Gef266
mutation. (D) Bars represent the pixelwise colocalisation of tRFP-Dpp and YFP-Rab11
in control (beige) and RNAi and mutant (brown) testis. (E) Bars represent the percentage
of GLCs that express Bam::GFP while still in contact with the hub in control and RNAi
testis (beige and brown). Scale bars 10 µm.
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sation of tagRFP-Dpp with YFP-Rab11 compared to sibling control testis
(Fig. 2.8; controls 13.7±2.6%, n=8; Sec6 RNAi 76.7±7.4%, n=7; Sec8 RNAi
62.2±7.2%, n=6, p<0.0001, ANOVA followed by Tukeys HSD). In addition
to the knock down of exocyst function using RNAi we tested the effect of
mutations in Gef26/dizzy, an activator of the small GTPase Rap1 that is
involved in the regulation of adherens junctions and cell adhesion [Knox and
Brown, 2002]. The Gef26 mutation specifically impairs adherens junctions
at the interface between GSCs and hub cells and results in loss of both germ
line and somatic stem cells [Wang et al., 2006]. In testes carrying different
mutant allele combinations of Gef26 we observed only a mild expansion of
the Rab11-positive RE [Michel et al., 2011]. However, the colocalisation of
tagRFP-Dpp with YFP-Rab11 increased again significantly compared to sib-
ling control testes (Fig. 2.8; Gef263/Gef266 57.7±6.6%).
The altered intracellular Dpp distribution also affected BMP receptor activa-
tion, as TIPF fluorescence was lost from GSCs contacting the hub indicating
the loss of the BMP niche signal [Michel et al., 2011].
We conclude that exocyst function is required for generating the Dpp niche
signal in hub cells, and that Dpp secretion involves trafficking through the
RE, either directly or via a reinternalization step.
2.2.3 Exocyst involvement in long-range BMP signalling
We wondered if the exocyst dependent localisation of Dpp is unique to the
testis stem cell niche or if this could be a general mechanism of transport.
We therefore investigated Dpp transport and localisation in the fly wing disc
where Dpp acts over a long range (several cell diameters). Using site-specific
mitotic recombination [Golic, 1991] we generated clonal cells mutant for the
core exocyst component Sec5. We observed that Dpp accumulated within
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enlarged Rab11-positive REs in Dpp-producing cells lacking the core exocyst
component Sec5 (37.7 ± 9.2% of GFP-Dpp punctae, n=169) compared to
heterozygous sibling (14.2 ± 5.9%, n=305 ) or wild-type cells (12.8 ± 5.1%,
n=586, Fig. 2.9, [Michel et al., 2011]). We further found that also DE-
Cadherin became trapped in enlarged Rab11-positive REs of cells lacking
Sec5 (56.1 ± 13.0%, n=450) compared to heterozygous control tissue (20.2
± 3.6%, n=582, Fig. 2.9, [Michel et al., 2011]), consistant with reports
from pupal and embryonic epithelial cells [Langevin et al., 2005; Blankenship
et al., 2007]. Furthermore, an RNAi mediated knock-down of the exocyst
core component Sec6 in all Dpp-producing cells lead to growth retardation
of the wing disc (diameter 200.2 ± 19.0 µm versus 230.4 ± 20.8 µm in
controls, Students t-test p<0.0001) and a diminishment of the expression
domain of the the Dpp target gene Sal (width 52.8 ± 8.8 µm versus 69.5
± 6.5 µm in controls, Students t-test p = 0.00042, Fig. 2.9, [Michel et al.,
2011]). Interestingly, we also observed a genetic interaction of the exocyst
complex and Dpp: the lethal effect of Gal4-driven overexpression of Dpp in
Drosophila pupae was partially rescued by impaired exocyst function [Michel
et al., 2011]).
We therefore conclude that trafficking of Dpp as well as DE-Cadherin to
specific sites at the membrane of epithelial cells of the wing disc requires
proper exocyst function.
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signalling. RNAi mediated knockdown of Sec6 results in smaller disc size and narrower
Sal domain width (green in C, brown in C’) compared to age-matched control discs (beige
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2.3 Discussion
We developed a novel way to detect BMP pathway activation at the mem-
brane with subcellular resolution. Using this advanced tool we could show
for the first time, that BMP signalling is restricted to adherens junctions
connecting hub cells and GSCs.
The BMP niche signal is not only produced by somatic cells of the hub but
also by CySCs. In fact, it was proposed that CySCs are the major source
of BMPs for maintaining GSCs [Leatherman and Dinardo, 2010]. Neverthe-
less, we did not detect BMP pathway activation at the interface between
GSCs and CySCs. GSC self-renewal in the fly testis is in fact controlled
by two BMP ligands: Dpp and Gbb. The ligand composition from hub cells
and CySCs may be qualitatively different though. Genetic analysis suggests a
major role for Gbb rather than Dpp, however, only the overexpression of Dpp
can repress differentiation [Kawase et al., 2004]. Yet, Gbb may contribute to
GSC maintenance in a Dpp-Gbb heterodimer. It is known that BMP het-
erodimers show an enhanced activity compared to homodimers [Israel et al.,
1996; Aoki et al., 2001; Laflamme and Rouabhia, 2008]. We assume that Dpp
homodimers as well as Dpp-Gbb heterodimers are preferentially produced by
somatic cells of the hub. Gbb on the other hand may be produced only by
CySCs. Since Gbb preferentially interacts with the alternative BMP I recep-
tor Sax [Haerry et al., 1998], our reporter TIPF will not detect this mode of
BMP pathway activation.
For complex environements such as mammalian stem cell niches it may be
more efficient to assign different roles among several niche components. Our
model of the GSC niche in the fly testis resembles the mechanism that reg-
ulates HSCs in mammals [Zhang et al., 2003; Calvi et al., 2003; Kiel et al.,
2005]. Hence, our results and further investigations will help to understand
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the more sophisticated stem cell niches in higher animals.
In this work we show that in the male GSC niche of Drosophila DE-Cadherin
and Dpp share the same transport mechanism which involves the exocyst
complex. This mode of site-specific transport appears to be a general mech-
anism employed not only by different cell types [Michel et al., 2011; Langevin
et al., 2005; Blankenship et al., 2007] but also by different organisms [Grind-
staff et al., 1998]. Hence, we assume that other niche cells might employ this
mechanism in a similar way. In fact, the mammalian HSC niche has all the
main components required for site-specific transport available.
In its function as a morphogen in the developing wing disc of Drosophila
Dpp acts over longe range forming a stable gradient. Considering this, it is
rather surprising that the same protein displays such a confined range in the
GSC niche [Michel et al., 2011]. We know that dpp expression in the testis
is low [Kawase et al., 2004; Shivdasani and Ingham, 2003] and reducing dpp
expression levels by weak dpp alleles does not have major effects on GSC
maintenance [Kawase et al., 2004]. This suggests that much less protein is
needed for the contact dependent signalling compared e.g. to the formation
of a morphogen gradient. Hence contact dependency may be one possibil-
ity to restrict the range of a signal. Alternatively, the extracellular matrix
(ECM) surrounding cells in a tissue could serve as a modulator of signal
range. Heparan sulfate proteoglycans (HSPGs) are components of the ECM
and are known to modulate BMP signalling in the developing wing disc of
Drosophila by stabalizing Dpp in the extracellular matrix [Akiyama et al.,
2008]. Indeed a recent study by Hayashi and collegues [Hayashi et al., 2009]
proposed a model in which HSPGs are involved in restricting the range of
Dpp secretion. Although the model has yet to answer a couple of more ques-
tions it offers a reasonable alternative. Interestingly, it was recently shown
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that collagen restricts the range of the GSC niche signal in the Drosophila
ovary [Wang et al., 2008]. Therefore further investigation of ECM function
and its role in signalling will be useful to understand the inconguous behavior
of Dpp.
Furthermore, this works describes for the first time a sinaling synapse in
a stem cell niche. The concept of a stem-cell-niche synapse was already
proposed for the mammalian HSC niche [Wilson and Trumpp, 2006]. As a
matter of fact, the Drosophila GSC niche and the mammalian HSC niche are
very similar in architecture and regulatory mechanisms: In both systems ad-
herens junctions mediate the attachment of stem cells to niche cells. In both
systems the molecular cross-+talk between stem cells and niche cells has two
main functions: first, to keep stem cells in close proximity to niche cells and
consequently within the niche itself by the interaction of adhesion molecules
as well as extracellular matrix molecules. Second, to promote self-renewal
by ligand-receptor interactions by which intracellular signalling pathways are
activated.
We believe that this type of adhesion and signalling unit is likely to be present
in other stem cell niches in which tight adhesion and juxtaposition of stem
cells to niche cells is essential for efficient signalling and ultimately stem cell
maintenance.
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3.1 Introduction
Hedgehog (Hh) is one of the highly conserved signalling molecules that direct
the organization of the body during animal development. Genetic defects in
the pathway lead to severe developmental abnormalities such as facial mal-
formation (holoprosencephaly) or additional fingers and toes (Pallister-Hall
syndrome). In the adult Hh signalling regulates stem cell homeostasis and
persistent pathway activity has pathological consequences in various cancers
including the skin cancer basal cell carcinoma and the brain tumor medul-
loblastoma.
3.1.1 The role of Hedgehog in the fly
During the development of a fly, Hh is important in the embryo for the estab-
lishment of polarity during segmentation, and also later in the larvae during
the development of appendages. Hh is a segment-polarity gene and therefore
responsible for organizing the anteroposterior pattern of each individual seg-
ment in the fly embryo [Nüsslein-Volhard and Wieschaus, 1980]. Embryos
with null alleles of hh display disorganized hair-like bristles reminiscent of
hedgehog spines, which is why the gene was termed hedgehog .
In the larvae, Hh directs the development of the adult wing from the lar-
val imaginal wing disc. An imaginal disc is single-layered sac of polarized
epithelial cells. The wing imaginal disc is subdivided into non-intermingling
anterior (A) and posterior (P) compartments along the antero-posterior axis.
The identity of cells in the P compartment is given by the expression of en-
grailed (en) [Guillén et al., 1995; Simmonds et al., 1995; Tabata et al., 1995].
As a result, P cells secrete Hh into the A compartment [Tabata and Ko-
rnberg, 1994]. There, Hh generates a short-range gradient and induces the
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expression of several target genes including patched (ptc), engrailed (en) and
dpp. Eventually, Hh patterns the central domain of the wing blade [Strigini
and Cohen, 1997; Capdevila and Guerrero, 1994; Mullor et al., 1997].
In the adult fly, it was shown that Hh signalling is important for the follicle
stem cell niche in the ovary [Zhang and Kalderon, 2001]. Whether Hh func-
tions as a niche factor in the testicular stem cell niche is not known. Yet, we
know that hh is expressed in the hub cells of the larval testis [Forbes et al.,
1996]. Experiments performed by Marcus Michel show that Hh signalling
is a key stem cell factor of somatic cyst stem cells (CySCs), which reside
in the testis niche together with the GSCs [Michel et al., 2011]. Loss of Hh
signalling in CySCs results in premature differentiation and consequently the
loss of this stem cell type. In the following I show the effects of a pathway
overactivation on the cyst stem cell compartment.
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3.2 Results
3.2.1 Overexpression of Hh increases the CySC num-
ber and expands their range
Based on the mosaic analysis of mutants inhibiting or activating Hh sig-
nalling we know that Hh signalling is cell autonomously required for CySCs
[Michel et al., 2012]. Next, we wanted to test what effects ectopic expression
of Hh and overactivation of Hh signalling would have on the entire cyst stem
cell compartment. We used two different Gal4 driver lines: hh::Gal4 to drive
overexpression of Hh in the hub cells and c587::Gal4 to drive overexpression of
Hh in somatic cyst and somatic stem cells [Michel et al., 2012]. We used Zfh1
as a marker for cyst stem cells and their immediate progeny. Zfh1 was shown
to be required for cyst stem cell maintenance [Leatherman and Dinardo,
2008]. We observed in both driver lines an increase in the number of Zfh1
positive cells (CySCs): 39±7 versus 29±7 in controls for hh::Gal4, p<0.01
by ANOVA and 48±10 versus 24±3 in controls for c587::Gal4, p<0.001 by
ANOVA (Fig. 3.1). Ligand expression using hh::Gal4 caused a moderate
increase in the number of CySCs compared to controls. Since the hub is the
endogenous source of the Hh signal we did not expect a dramatic change.
However, c587::Gal4 expands the expression of Hh beyond the hub. Accord-
ingly, the number of cyst stem cells increased more dramatically. Besides
the increase in CySC number we found that the signal range is expanded
compared to wild type (44±7 µm versus 15±3 µm, p<0.001 by Student’s t
test) when Hh was ectopically expressed using c587::Gal4 (Fig. 3.1).
We conclude that Hh signalling is essential for CySC maintenance and home-
ostasis.
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Figure 3.1: Hh overxpression increases the number of CySCs and expands
their range. (A) Quantification of the number of Zfh1-positive cells per testis 5 days
after induction of expression of GFP (control, beige) or Hh (brown) using either hh::Gal4
or c587::Gal4. Values are plotted as box plots. (B) Range of Zfh1 expressing cells in the
testis of flies overexpressing either UAS::GFP or UAS::Hh with c587::Gal4 5 days after
induction of expression. Significance levels indicate ** p<0.01; *** p<0.001 by ANOVA
(A) or Student’s t test (B).
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3.3 Discussion
We identified yet another important function of the signal protein Hedgehog:
maintenance and control of the somatic stem cell population in the adult
testis in Drosophila.
This function is conserved across sexes and phyla and demonstrates again the
universal role Hedgehog plays in metazoan life. For instance, homologues of
Hh in mammals are essential for the maintenance of neural [Machold et al.,
2001] as well as follicle [Rittié et al., 2009] stem cells. Furthermore, in the
testis of mice Hh signalling is essential for maintaining the somatic stem cell
population (Leydig cells) and hence germline stem cells [Yao et al., 2002;
Clark et al., 2000; Seidel et al., 2010].
It is therefore reasonable to study how the somatic stem cell compartment
in Drosophila is regulated and maintained as this knowledge will help to un-
derstand the situation in mammals if not humans.
Recently it was shown that Hh signalling in the ovary is linked to the Hippo
pathway, a conserved pathway initially recognized for its regulation of tissue
size [Huang and Kalderon, 2014]. In fact, Hh signalling induces the tran-
scriptional activation of Yorkie (Yki) and together Hh and Yki regulate the
rate at which follicle stem cells proliferate. We assume that Hh signalling in
the testis also targets the transcriptional activation of Yki and that both pro-
teins are essential for the maintenace and regulation of the somatic stem cell
compartment. This would add yet another piece of evidence that the stem
cell biology in both testis and ovary is more similar than initially thought
[Fuller and Spradling, 2007].
The work by Michel et al. investigated Hh signalling on the level of tissue:
probing the effects of signal loss and pathway overactivation, identifying the
relationship to other signalling pathways. Yet, a more detailed knowledge
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of the mechanism of Hh signalling in stem cell biology will be of general
interest. Ultimately, detailed knowledge of the entire signalling process is
neccessary for developing therapies to treat certain diseases and conditions
related to Hedgehog dysregulation. However, to dissect the pathway with
higher resolution the genetic as well as molecular tools at hand need to be
improved and refined. In the following chapter I describe our investigations
on Hh signalling on subcellular as well as protein level.
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4.1 Introduction (part I)
4.1.1 Hedgehog signalling in the fly
In contrast to vertebrates, where there are at least three genes that encode
for Hh proteins - Sonic, Desert, and Indian hedgehog - flies only have a single
hh gene. The full-length Hh protein is comprised of two distinct domains:
the amino-terminal ’Hedge’-domain (Hh-N) and the carboxy-terminal ’Hog’-
domain (Hh-C). Both domains are highly conserved. The actual signalling
protein is made up by the Hh-N fragment while the Hh-C fragment promotes
the cleavage reaction that leads to the release of Hh-N, which then becomes
covalently coupled to cholesterol and is finally secreted [Porter et al., 1996;
Bürglin, 2008; Ingham et al., 2011a]. The principal response to Hh signalling
is the activation of transcription of target genes by members of the GLI
protein family. Drosophila has only one Gli protein encoded by the gene
cubitus interuptus (ci) [Alexandre et al., 1996]. The Ci protein exists in two
forms with distinct functions: the full-length form activates transcription of
target genes while a truncated version represses the transcription of target
genes [Aza-Blanc et al., 1997; Jiang and Hui, 2008; Ingham et al., 2011b].
A schematic representation of the signal pathway in Drosophila is shown in
figure 2.5. The Hh signal is received by its receptor Patched (Ptc) [Ingham
et al., 1991; Marigo et al., 1996; Zheng et al., 2010] and transduced into the
cell by the GPCR-like transmembrane protein Smoothened (Smo) [Alcedo
et al., 1996; van den Heuvel and Ingham, 1996]. The ligand-receptor interac-
tion is promoted by two other transmembrane proteins: Interference Hedge-
hog (iHog) and Brother of iHog (Boi) [Zheng et al., 2010; Beachy et al., 2010].
Subsequent phosphorylation of Smo at its C-terminal domain enhances the
interaction with the Hedgehog signalling complex (HSC), a bunch of proteins
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(including Ci) centered around the scaffold protein Costal 2 (Cos2). When Ci
is released from the complex it translocates to the nucleus where it becomes
activated and promotes the activation of Hh target genes. In the absence of
Hh, Ci undergoes several modifications which result in a truncated repressor
form of Ci that dissociates from the HSC, translocates into the nucleus und
represses the transcription of Hh target genes.
Figure 4.1 (preceding page): The Hh signalling pathway in the fruit fly. a
Ptc inhibits Smo if Hh is absent. Smo mainly resides in intracellular vesicles. The Gli
protein Cubitus interuptus (Ci) is recruited to the scaffold protein Costal2 (Cos2), which
also recruits the protein kinases casein kinase 1 (CK1), protein kinase A (PKA), glyco-
gen synthase kinase 3 (GSK3) as well as Fused (Fu). Together these proteins form the
Hedgehog signalling complex (HSC). Full length Ci is then phosphorylated by CK1, PKA
and GSK3 which generates recognition sites for Slimb (Slmb). The F-Box protein Slmb
mediates the ubiqitination and subsequent degradation of the C-terminus of Ci. The re-
maining truncated repressor form of Ci dissociates from the HSC, translocates into the
nucleus and represses the transcription of Hh target genes. b Secreted Hh binds to its
receptor Ptc, an interaction that is further promoted by the transmembrane protein Inter-
ference Hedgehog (iHog). Now, Smo is no longer inhibited and translocates to the plasma
membrane, where it becomes phosphorylated by CK1, PKA and GSK3. As a result the C-
terminal domain of Smo undergoes a conformational change. Phosphorylation of Cos2 by
Fu releases Ci, which is not phosphorylated, from the HSC. Phosphorylation of Supressor
of Fused (SuFu) causes its dissociation from Ci, allowing full length Ci to translocate into
the nucleus. Once inside the nucleus Ci undergoes further modifications to its activated
form, which promotes the transcription of Hh target genes.
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4.1.2 Reception and transduction of the Hh signal by
Ptc and Smo
Despite its important role in developmental and physiological processes in
metazoans there are still gaps in the mechanistic understanding of Hh signal
transduction [Ingham et al., 2011b]. A major unresolved issue in Hh sig-
nalling is the mechanism by which Ptc regulates the activity of Smo. In the
absence of Hh, Smo is located predominantely in intracellular vesicles and
its activity is inhibited by Ptc [Denef et al., 2000; Zhu et al., 2003; Nakano
et al., 2004]. Some evidence suggests that Ptc regulates Smo activity by lipids
[Khaliullina et al., 2009; Bijlsma et al., 2006]. A recent study in Drosophila
implicates the phospholipid phosphatudylinositol-4-phosphate (PI4P) in the
relationship between the two proteins [Yavari et al., 2010].
Upon binding of Hh to Ptc, Smo translocates to the plasma membrane and
is phosphorylated by Protein Kinase A (PKA) and Casein Kinase 1 (CK1)
[Jia et al., 2004]. Phosphorylation occurs at multiple serines within the cy-
toplasmic tail of the protein [Zhang et al., 2004; Apionishev et al., 2005] and
induces a conformational switch and clustering of the protein [Zhao et al.,
2007]. The cytoplasmic tail of Smo contains multiple Arginine clusters that
keep the protein in a closed inactive conformation through electrostatic in-
teraction. Hh-induced phosphorylation disrupts this interaction and triggers
the switch [Zhao et al., 2007].
The recent finding that Smo can be redistributed in a Hh-independent man-
ner [Yavari et al., 2010] challenges the current view in which inactivation of
Ptc by Hh leads to Smo phosphorylation and subsequently to a conforma-
tional switch, clustering and redistribution to the plasma membrane. Taken
the currently available data together we are facing a chicken-and-egg prob-
lem of whether the binding of Hh to Ptc or the subcellular localisation of
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Smo is the basis for Smo phosphorylation. To tackle this problem it will be
necessary to identify the relevant process downstream of Ptc, by which Smo
activation is regulated. It further requires to order the individual events that
eventually lead to Hh signal transduction. We addressed these issues by gen-
erating a fluorescence-based reporter for Smo activation. This allowed us to
directly visualize Smo localisation and activation with subcellular resolution
in both live and fixed samples.
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4.2 Results (part I)
The work presented here (Results part I) and the following (Results part
II) was performed by me and Adam P. Kupinski with whom I share the
first authorship in Kupinski et al., 2013. Adam generated the reporter and
performed all experiments in the wing disc. I performed all experiments in
Schneider cells as well as the FCCS measurements and analysis. In addition
to the work presented here, work from Marcus Michel, Divya Ail and Lutz
Brusch, which is not shown was published in Kupinski at al., 2013.
4.2.1 A fluorescent reporter for Drosophila Smo tail
phosphorylation
We wanted to gain subcellular spatial and temporal information about Smo
tail phosphorylation. We, therefore developed a fluorescence-based reporter
to visualize in vivo Smo phosphorylation. Previously, we have described a
novel fluorescence-based reporter that directly visualizes the activation of the
bone morphogenic protein (BMP) receptor in flies [Michel et al., 2011]. This
reporter, as mentioned earlier in this work, is based on the conformation sen-
sitive circularly permutated yellow fluorescent protein (cpYFP) core of the
InversePericam (IP) Ca2+ sensor [Nagai et al., 2001]. We adapted this strat-
egy to develop a Smo-IP reporter for Smo activation. The Smo cytoplasmic
tail contains multiple Arginine (Arg) clusters, termed Smo autoinhibitory
domain (SAID) which keep Smo in a closed inactive conformation through
intracellular interactions [Zhao et al., 2007]. The central loop of the Smo
cytoplasmic tail was replaced with the IP cpYFP core (Fig. 4.2). In the in-
active state of Smo, the tail is in a closed conformation. We therefore expect
Smo-IP to be non-fluorescent, while phosphorylation of the SAID should al-
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Figure 4.2: A fluorescent reporter for Smo phosphorylation. The Smo-IP re-
porter has the central loop of the Smo cytoplasmic tail replaced by the conformation
sensitive cpYFP core of Inverse pericam (IP). Ptc inhibits Smo in the absence of Hh.
The cytoplasmic tail of Smo contains multiple Arginine clusters which keep the protein
in a closed inactive conformation through electrostatic interactions. Therefore, Smo-IP
is non-fluorescent. Hh-induced phosphorylation disrupts the interactions and causes a
conformational switch, the tail opens up and the IP core relaxes into a fluorescent confor-
mation.
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low the IP core to relax into a fluorescent conformation (Fig. 4.2). We first
tested the reporter for its functionality by rescuing amorphic smo alleles in
transgenic flies [Kupinski et al., 2013]. Next, we tested our construct in the
Drosophila wing imaginal disc. Fluorescence intensity of Smo-IP was too
weak when expressed under the endogenous promoter [Kupinski et al., 2013].
Therefore, the reporter was ubiquitously overexpressed from a tubulin pro-
moter. The observed fluorescence of Smo-IP reflected Hh pathway activity.
Since Ptc is not expressed in the posterior compartment of the wing disc,
Smo is constitutively active (Fig. 4.3). Hh acts as a morphogen and forms
a protein gradient which determines the activation of the pathway in the
anterior compartment. Accordingly, Smo-IP fluorescence, indicating active
Smo-IP fluorescenceanti-GFP anti-Ptctub::Smo-IP
Figure 4.3: Smo-IP fluorescence reflects Hh pathway activity. Smo-IP ubiq-
uitously overexpressed in the wing imaginal disc. The observed fluorescence reflects Hh
pathway activation. Note reporter activation in the posterior compartment where Ptc is
not expressed and a decay in reporter fluorescence in front of the AP boundary marked
by Ptc. Box and arrow indicate the area and direction taken for intensity measurements.
Scale bar 50 µm.
Smo, decreased with growing distance from the anteroposterior boundary.
We measured the spatial range of the Smo activity gradient and gained a
typical decay length of 10.8 ± 1.8 µm (4.4). This is consistent with a pre-
viously reported range of the Hh protein gradient [Wartlick et al., 2011]
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Figure 4.4: Smo activity gradient. (A) Quantification of normalized fluorescence
intensities for Ptc and GFP immunostainings and Smo-IP fluorescence. Error bars indicate
s.d., dashed line AP boundary. (B) Averaged and normalized Smo-IP fluorescence intensity
can be fitted to a single exponential decay (n=8 cells).
in the wing imaginal disc. However, we observed that Smo-IP fluorescence
showed a similar distribution as Smo-IP protein with high protein levels in
the posterior compartment that gradually decayed in front of the compart-
ment boundary and were low in the anterior compartment (Fig.4.4). Hence,
it is impossible to distinguish between actual Smo tail phosphorylation and
Smo protein stability. To overcome this difficulty and demonstrate the ability
of our reporter to respond to a conformational switch, we generated mutated
versions of Smo-IP (Fig.4.5). To create SmoSD-IP we mutated the serine
residues within the Smo tail to aspartate. For SmoSA-IP serine residues
were replaced for alanine. Using FRET it was already shown that these
changes force the Smo tail into an open or closed conformation [Zhao et al.,
2007], albeit without achieving subcellular resolution. When SmoSD-IP was
overexpressed in the dorsal compartment of the wing disc using ap::Gal4,
we observed reporter fluorescence in the entire dorsal compartment along
with an expansion of the expression of the Hh target genes collier (col) and
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Figure 4.5: Mutated versions of Smo-IP. For SmoSA-IP serine residues were replaced
for alanine, while replacement for aspartate created SmoSD-IP.
ptc::lacZ (Fig. 4.6). Therefore, SmoSD-IP acted as a constitutively active
A
UAS::
Smo-IP
UAS::
SmoSA-IP
UAS::
SmoSD-IP
ap::Gal4 x
B
C
anti-GFP ptc::LacZoverlay
Smo-IP 
fluorescence
Figure 4.6: Signalling activity and fluorescence of Smo-IP reporter constructs.
(A) Expression of wild-type Smo-IP in the dorsal compartment of the wing disc exhibits
normal Smo activity. The effect on Hh target genes col and ptc::lacZ is only marginal.
(B) Expression of SmoSD-IP causes reporter fluorescence in the entire dorsal compart-
ment. Expression of the Hh target genes ptc::lacZ is strongly upregulated. (C) Expression
of the nonphosphorylatable SmoSA-IP supresses reporter fluorescence and expression of
ptc::lacZ. Scale bars 50 µm.
protein. In contrast, SmoSA-IP, which cannot be phosphorylated, was not
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fluorescent in both anterior and posterior compartment, although protein
levels were higher compared to wild type (Fig. 4.6). For comparison, wild-
type Smo-IP showed normal Smo activity and had only little effect on the
expression domain of the Hh target genes col and ptc::lacZ. As expected [Jia
et al., 2004; Zhang et al., 2004; Apionishev et al., 2005] SmoSA-IP strongly
suppressed the expression of col and ptc::lacZ (Fig. 4.6). We conclude that
the reporter responds to the conformation of the Smo tail. Accordingly, the
observed graded fluorescence of Smo-IP in the anterior compartment reflects
indeed the activation of Smo.
4.2.2 Smo phosphorylation and localisation in the sali-
vary gland
We wanted to gain subcellular information on the localisation of Smo in its
active and inactive state. However the epithelial cells of the wing imagi-
nal disc are unsuitable for subcellular studies due to their small diameter
and pseudostratified arrangement. We therefore turned to the larval sali-
vary glands, which consist of large epithelial cells that had previously been
used for studies of Hh signalling [Zhu et al., 2003; Yavari et al., 2010]. The
glands are located adjacent to the larval fat body, which is a major site
of Hh production and signalling [Pospisilik et al., 2010]. When wild-type
Smo-IP was expressed in the salivary glands using the gland specific driver
71B::Gal4, we observed the reporter fluorescence to be mainly located at the
plasma membrane (Fig. 4.7). Further probing for GFP showed that Smo
protein was also largely found at the plasma membrane (Fig. 4.7). To test
for an actual endogenous Hh signal within the glands we overexpressed Ptc
along with wild-type Smo-IP and found that the reporter fluorescence was
abolished [Kupinski et al., 2013]. Additional overexpression of constitutively
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active PKA cancelled the suppressive effect of Ptc on Smo phosphorylation
[Kupinski et al., 2013]. We did not express Hh additionally in the glands
UAS:: Smo-IP
Ptc
UAS::SmoSD-IP
UAS::SmoSA-IP
71B::GAL4 x 
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anti-GFP
reporter
fluorescence
A
B
C
Figure 4.7: Imaging Smo phosphorylation with subcellular resolution. (A)
Expression of wild-type Smo-IP in the salivary glands shows reporter fluorescence mainly
along the the plasma membrane. anti-GFP immunostaining confirms the presence of Smo
protein at the plasma membrane. (B) Expression of the phosphomimic reporter version
SmoSD-IP shows reporter fluorescence along the plasma membrane. (C) SmoSA-IP is
nonfluorescent and is localized mainly intracellulat compared to active wild-type Smo-IP.
Scale bars 20 µm.
as reported to be necessary for ptc:lacZ expression [Zhu et al., 2003]. Next,
we wanted to test the localisation of Smo depending on its state of phos-
phorylation. We overexpressed the mutated versions of Smo-IP, SmoSD-IP
and SmoSA-IP in the glands under 71B::Gal4 control. Constitutively active
SmoSD-IP was found at the plasma membrane in its fluorescent state (Fig.
4.7). This did not change when Ptc was co-overexpressed [Kupinski et al.,
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2013], which confirms the previous finding that the phosphomimic muta-
tions make Smo resistant to the suppressive effect of Ptc [Li et al., 2012; Xia
et al., 2012; Zhao et al., 2007]. In contrast, SmoSA-IP was nonfluorescent
and localized mainly intracellular compared to active wild-type Smo-IP or
SmoSD-IP. However a considerable fraction of the reporter was still found at
the membrane as shown by anti-GFP staining (Fig. 4.7). In fact, the pres-
ence of non-phosphorylated Smo at the plasma membrane was observed in
all other instances where the lack of reporter fluorescence indicated inactive
Smo. We conclude that phosphorylation of Smo is not required for its trans-
port to the plasma membrane. Rather, our observations suggest a trafficking
equilibrium between plasma and internal membranes, which in the case of
non-phosphorylated Smo, is shifted towards internalization.
4.2.3 Smo localisation in cultured insect cells
To test this hypothesis we turned to cell culture experiments, where the lo-
calisation of Smo to the plasma membrane can be determined reliably by
extracellular immunostaining. Moreover, cell culture offers the opportunity
to manipulate a trafficking equilibrium easily and straightforward. We used
the Drosophila Schneider cell line S2R+, which express Ptc and Smo but lack
the expression of Ci [Cherbas et al., 2011]. We transfected S2R+ cells with
C-terminally tagged Smo-GFP or SmoSD-GFP or SmoSA-GFP. We found,
that in the absence of Hh, Smo was largely excluded from the plasma mem-
brane while stimulation with Hh caused Smo to tanslocate to the membrane
(Fig. 4.8). Analogous, by blocking endocytosis and hence internalization we
expected Smo to be localized largely at the membrane. Indeed, when Smo-
GFP transfected cells were treated with dynasore, a small molecule that
inhibits dynamin dependent endocytosis, we detected Smo at the plasma
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membrane (Fig. 4.8). As expected and previously shown [Jia et al., 2004]
+ dynasore
SmoSA-GFPSmo-GFP
GFPGFPanti-Smo(N) anti-Smo(N)
SmoSD-GFP
GFPanti-Smo(N)
A D G
+ Hh
untreated
B E H
C F I
Figure 4.8: Smo-GFP localisation in cultured cells. (A-C) Smo-GFP (green) is
present within transfected cells, but is not detected at the plasma membrane by extracel-
lular Smo immunostaining (red) in the absence of Hh (A). Smo-GFP can be detected at
the membrane after Hh stimulation (B) or dynasore treatment (C). (D-F) SmoSD-GFP is
found at the membrane in the absence (D) or presence of Hh (E) or dynasore (F). (G-I)
SmoSA-GFP is not detected at the membrane in the absence (G) or presence (H) of Hh,
but can be trapped there by dyansore treatment (I).
SmoSD-GFP was constantly found at the plasma membrane (Fig. 4.8). In
contrast, non-phosphorylatable SmoSA-GFP could not be detected at the
plasma membrane in either the absence or presence of Hh. However, when
transfected cells were treated with dynasore SmoSA-GFP became trapped at
the membrane and therefore detectable (Fig. 4.8). Our observations confirm
the idea of a trafficking equilibrium between the intracellular and plasma
membrane bound pools of Smo. Especially, the fact, that also SmoSA can
become trapped at the plasma membrane indicates some exchange between
the interior and the boundary of the cell.
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4.2.4 Smo membrane localisation and phosphorylation
While we now know under what conditions Smo translocates to the mem-
brane we are still missing information on the phosphorylation status of
Smo under the given conditions. To answer this question we again used
Drosophila Schneider cells. We transfected S2R+ cells with wild-type Smo-
IP and treated them either with Hh to inactivate Ptc or dynasore to inhibit
dynamin-dependent endocytosis. Similar to what we had observed in epithe-
lial cells of the salivary glands, Smo-IP reporter fluorescence was detected
along the surface of the cell after stimulation with Hh (Fig. 4.9). Additional
+ dynasore
reporter 
fluorescence
anti-Smo(N)
+ Hhuntreated
Figure 4.9: Smo membrane localisation and phosphorylation. Immunostaining
against the extracellular part of Smo shows the relocalisation of Smo protein to the cell
membrane after stimultion with Hh or treatment with dynasore (red). Smo-IP reporter
fluorescence (green) is detected along the surface of the cell after stimulation with Hh.
Note Hh-independent phosphorylation of Smo after treatment with dynasore.
immunostaining against the extracellular part of Smo confirmed the presence
of Smo protein along the cell surface (Fig. 4.9). When cells were treated with
dynasore we also observed reporter fluorescence indicating Hh-independent
phosphorylation of the Smo tail (Fig. 4.9). To rule out an artefactual result
as consequence of the pharmacological treatment with dynasore, we per-
formed the experiment again in flies. Transgenic flies were generated in
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which overexpression of Ptc inactivated Hh signalling in the salivary glands
and at the same time endocytosis was blocked by co-overexpression of a dom-
inant negative version of Drosophila dynamin Shibire [Moline et al., 1999].
In this background we observed reporter fluorescence at the cell membrane
anti-Ptc reporter fluorescence
71B::Gal4, UAS:: Smo, UAS::Ptc 71B::Gal4, UAS:: Smo, UAS::Ptc, UAS::ShiK44A
anti-Ptc reporter fluorescence
A B
Figure 4.10: Smo retention at the membrane drives phosphorylation. (A ) Co-
overexpression of Ptc under 71B::Gal4 control inactivates reporter fluorescence in salivary
glands. (B) Additional co-overexpression of the dominant negative dynamine Shibire[K44A]
leads to the accumulation of Ptc at the cell surface and the activation of Smo-IP reporter
fluorescence. Scale bars 20 µm
even though large amounts of Ptc protein were present at the membrane too.
Therefore, retention of Smo at the plasma membrane was sufficient to drive
Smo tail phosphorylation even in the absence of ligand. Our observations
suggest that Ptc controls the localisation of Smo which again regulates the
phosphorylation state of the Smo tail.
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4.3 Introduction (part II)
The previous results have shown that localisation of Smo to the plasma mem-
brane is sufficient to induce phosphorylation of the cytoplasmic tail, irrespec-
tive of Ptc activity. Yet, we still do not know how pathway activation and/or
Smo phosphorylation affects clustering. This requires a tool that is able to
detect protein-protein interactions with high resolution. We therefore used
fluorescence cross correlation spectroscopy (FCCS), which enabled us to an-
swer this question.
4.3.1 Fluorescence correlation spectroscopy (FCS)
When in 1972 the Webb laboratory used fluorescence correlation spectroscopy
(FCS) to measure the fluctuations in fluorescence of EtBr binding to DNA
[Magde et al., 1972] fluorescence microscopy was put to a novel use: measur-
ing reaction kinetics.
FCS measurements are based on the statistical analysis of intensity fluctu-
ations that arise e.g. when fluorescently labeled particles diffuse through a
small detection volume. Correlation analysis of the fluctuating fluorescence
signal then allows the extraction of valuable parameters such as concentra-
tion, mobility, diffusion coefficients, association and dissociation constants
in vitro as well as in vivo. The early measurements as performed by the
Webb laboratory and others [Aragon and Pecora, 1976; Koppel et al., 1976;
Fahey et al., 1977] however suffered from poor signal quality due to low de-
tection sensitivity and the lack of background supression. This changed when
FCS was combined with a confocal detection scheme [Rigler and Widengren,
1990; Rigler et al., 1993], Fig. 5.1) which allowed for high detection sensi-
tivity and the minimization of the detection volume to femtoliter size. Since
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then, FCS has become a versatile and attractive technique to study inter-
actions and dynamics of fluorescent molecules in free solution as well as in
cellular systems, kinetics of chemical and biological reactions, diffusion and
flow. In the following I briefly describe the theory of fluorescence correlation
spectroscopy.
Auto-correlation analysis
Auto-correlation is the cross-correlation of a time-series signal with itself
and provides information on the self-similarity of the signal. In FCS, the
fluorescence signal detected by the APD, is subjected to auto-correlation
analysis which yields the auto-correlation curve:
G(τ) =
〈δF (t)δF (t+ τ)〉
〈F (t)〉2
(4.1)
F(t) is the fluorescence intensity at time t , 〈F (t)〉 =
(
1
T
) T∫
0
F (t)dt, describes
the time average of the signal, δF (t) = F (t) − 〈F (t)〉 are the fluctuations
around the mean value F(t) and τ is the lag time. The auto-correlation
curve measures the self-similarity of the fluorescent signal F(t) to a later
time t + τ . For small lag times the fluorophore stil resides in the confocal
volume, emitting photons, therefore the similarity is high. For large lag times
the fluorophore has left the volume, hence the auto-correlation curve decays
to 0 because no similarity is detected in the signal. Gτ is an empirical, dimen-
sionless function which contains no information about the underlying phys-
ical nature of the fluorescence fluctuations. For a precise and quantitative
determination of the parameters of interest the experimental auto-correlation
curve needs to be fitted by a model function which describes the source of
the fluctuations.
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Figure 4.11: Principle of single-color FCS. Fluorescently labeled particles diffuse
through the detection volume and produce a fluctuating fluorescence signal. The recorded
time trace is subjected to an auto-correlation algorithm which yields the correlation curve
G(τ). The characteristic decay time of G(τ) shows the mobility of the particles (solid
curves). The inverse of the amplitude, G(0), is proportional to the particle concentration
(dashed curves).
Diffusion
The most prominent source of fluctuations in the fluorescence signal is due
to translational diffusion through Brownian motion. A widely used function
to describe molecules undergoing free diffusion through a confocal volume is
a three-dimensional Gaussian profile:
Gτ =
1
N
· 1(
1 + τ
τD
) · 1√
1 + τ
S2τD
(4.2)
The diffusion time τD describes the average residence time of a fluorophore
in the confocal volume. τD is the lag time τ at which the auto-correlation
function has decayed by approximately half its amplitude. The diffusion time
can be used to calculate the diffusion coefficient D:
τD =
ω20
4D
(4.3)
ω0 is the 1/e
2 radius of the effective confocal detection volume (Fig) V
V = π2/3ω30S. (4.4)
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The amplitude of the auto-correlation function is inversely proportional to
the average number of observed molecules N in the detection volume V and
therefore to the concentration C of the fluorescent particles in the system:
G(0) =
1
N
=
1
V C
(4.5)
S is the dimensionless structure parameter:
S =
z0
ω0
(4.6)
which is the axial-to-lateral aspect ratio of the ellipsoid three-dimensional
Gaussian detection volume. The experimental fit value is typically higher
than the theoretical value and ranges between 4 to 7 due to the slightly non-
Gaussian detection volume in one-photon excitation [Hess and Webb, 2002].
S usually serves as a good control parameter of the optical set up as it can
easily deviate from the normal value, which would indicate a non-Gaussian
detection volume.
To obtain the concentration C and diffusion coefficient D from an auto-
correlation measurement requires the calibration of the detection volume
before. This is typically done by measuring the auto-correlation curve of
a fluorescent dye with known diffusion coefficient D1. Then the diffusion
coefficient D2 of the molecule of interest can be calculated:
D2 = D1 ·
τD1
τD2
. (4.7)
In case of a two-dimensional system such as diffusion within a horizontal
planar membrane, the auto-correlation function simplifies to:
Gτ =
1
N
· 1(
1 + τ
τD
) (4.8)
The definition of the diffusion time is the same. N however, is now the
average particle number within the effective detection area Aeff = πω
2
0.
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Internal dynamics
Not all fluctuations in signal intensity that are detected by FCS result from
diffusion. Additional fluctuations can arise from changes in the dynamic flu-
orescence properties of the labeled particles while being inside the detection
volume. A very common phenomenon in FCS measurements is a repetitive
fast fluorescence intermittence, also called ”blinking”. Blinking is usually due
to the process of intersystem crossing, which is the reversible transition from
the excitet singlet state into the quantum mechanically forbidden lowest ex-
cited triplet state [Widengren et al., 1995]. Also, blinking can be due to the
pH-dependent reversible protonation of the fluorophore, e.g. eGFP [Haupts
et al., 1998]. These internal dynamics can be seen in the correlation curve
as additional shoulders in the fast time range. In case these fluctuations
occur at much faster time-scales than the diffusion time and do not change
the diffusion coefficient of the molecule, they can be taken into account by
simply multiplying an exponential blinking term with the diffusion term in
the overall correlation curve:
Gτ = Xtrip(τ) ·Gdiff (τ) (4.9)
and finally reads for one component:
Gτ =
1
N
· 1− T + Te
− τ
τT
1− T
· 1(
1 + τ
τD
) · 1√
1 + τ
S2τD
. (4.10)
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4.3.2 Dual-color fluorescence cross-correlation spectroscopy
(FCCS)
While FCS yields quantitative information on the concentration and mobil-
ity of fluorescently labeled particles, its dual-color version FCCS, fluorescence
cross-correlation spectroscopy, gives direct information on the interaction of
particles with a different fluorescent label. In particular, FCCS can be applied
to study receptor molecules and mechanisms such as receptor dimerization
[Liu et al., 2007] or ligand-to-receptor-binding [Weidemann et al., 2011]. In
FCCS the fluorescence emitted by two differently labeled, spectrally distin-
guishable molecules is recorded and subjected to individual auto-correlation
analysis. In addition, the two signals are cross-correlated. The amplitude of
the cross-correlation function is directly proportional to the fraction of co-
diffusing particles carrying both fluorescent labels simultaneously through
the detection volume.
Cross-correlation analysis
The formalism of FCCS is analogous to FCS, assuming complete overlap of
the two detection volumes as well as equal size. The two auto-correlation
functions are computed according to equation 2.1:
GAC,r(τ) =
〈δFr(t)δFr(t+ τ)〉
〈Fr(t)〉〈Fr(t)〉
(4.11)
GAC,g(τ) =
〈δFg(t)δFg(t+ τ)〉
〈Fg(t)〉〈Fg(t)〉
(4.12)
In addition, the normalized cross-correlation function of both, red (r) and
green (g), intensity signals can be calculated:
GCC,rg(τ) =
〈δFr(t)δFg(t+ τ)〉
〈Fr(t)〉〈Fg(t)〉
(4.13)
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GCC,gr(τ) =
〈δFg(t)δFr(t+ τ)〉
〈Fg(t)〉〈Fr(t)〉
(4.14)
To analyze the interaction of the two fluorescent species the relative cross-
correlation amplitude is the most interesting and useful parameter. The
relative cross-correlation amplitude can be calculated from the amplitudes
(τ = 0) of all three correlation curves:
GAC,r(0) =
1
(Cr + Cgr) · V
, GAC,g(0) =
1
(Cg + Cgr) · V
(4.15)
GCC,gr(0) =
Cgr
(Cr + Cgr)(Cg + Cgr) · V
(4.16)
Dividing the cross-correlation amplitude by either of the two auto-correlation
amplitudes yields the fraction of double labeled particles relative to all red
or green labeled particles:
Cgr
Cg + Cgr
=
Ngr
Ng +Ngr
=
GCC(0)
Gr(0)
(4.17)
Cgr
Cr + Cgr
=
Ngr
Nr +Ngr
=
GCC(0)
Gg(0)
(4.18)
Typically, the concentration of single labeled green particles will differ from
that of single labeled red particles, hence the fractions are different. The
degree of binding is determined by the less abundant species. For example,
if no single labeled green particles are present the binding is 100%, since
all green particles are bound to red ones. However, vice versa not all red
particles are bound to green ones because of their excess.
4.3.3 Artefacts in FCS/FCCS
The power of FCS lies in its access to processes on the single molecule level.
However, this high sensitivity and, especially in the case of in vivo appli-
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Figure 4.12: Principle of dual-color FCCS. In dual-color FCCS, particles are labeled
with two spectrally distinct fluorophores (such as green and red) and produce fluctuating
fluorescence signals in the respective color channels. Each recorded time trace is auto-
correlated (green and red solid curves). Additionally, the two signals are cross-correlated
which yields the cross-correlation function, G(τ) (blue dashed curves). The relative ampli-
tude of the cross-correlation curve is a measure of the degree of binding or colocalisation.
cations the influence of the sample onto the optical beampath, introduce a
considerable risk of artefacts in the results obtained by FCS measurements.
Therefore, evaluation of FCS/ FCCS measurements requires careful post-
processing of the data. The most common artefacts are briefly explained in
the following section.
Optical artefacts
Optical and sample artefacts arise from instrumental non-idealities in com-
bination with the optical properties of the sample which lead to distortions
of the detection volume and hence to erroneous diffusion coefficients and
concentrations. First of all, the real confocal detection volume differs from
the assumed 3D Gaussian model. Although the deviations from the approx-
imation are neglectable one has to be aware of the fact that the evaluation
of the effective volume does not describe the actual dimension of the detec-
tion volume. Deviations in the thickness of the cover slips used can have
drastic effects on concentration and diffusion coefficient [Enderlein et al.,
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2005]. Therefore, the correction ring of the high N.A. objective in use re-
quires careful adjustment. The refractive index of media or buffers in which
FCS measurements are typically performed differ slightly from the refractive
index of water n=1.333 for which water-immersion objectives are corrected.
This mismatch can have a significant impact on the measured concentration
and diffusion coefficient [Enderlein et al., 2005]. Measuring FCS close to the
surface as e.g. in adherent cells reduces the error strongly [Enderlein et al.,
2004]. Moreover, the careful adjustment of the cover slip thickness correction
ring is recommended [Chattopadhyay et al., 2005].
Detector artefacts
Detector afterpulsing and dead time are the main sources of detector related
artefacts. Dead time is defined as the time in which a detector, typically an
APD, cannot detect another photon after detection of the first one. This time
includes the creation of an avalanche of electrons, its subsequent quenching
and the complete deletion of all remaining charges. The dead time of a
modern APD is around 100 ns. To avoid artefacts, the detector should be
used in its linear range, which is typically smaller than a fluorescent count
rate of 500 kHz. Detector afterpulsing occurs when not all charges are deleted
and are amplified and detected again although no second photon is present.
The resulting pulse creates a strong correlation for short lag times and hence
prevents the analysis of real phenomena such as triplet dynamics or fast
diffusion. Afterpulsing can be avoided by splitting the fluorescent signal
onto two detectors and calculating the cross-correlation curve. Furthermore,
the auto-correlation curve can be corrected for afterpulsing as described in
Zhao et al., 2003.
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Photophysical artefacts
In the case of fluorescence saturation the linear relationship between laser
excitation power and resulting fluorescence intensity is lost. As a result the
effective detection volume is distorted, which leads to an increase in the
apparent diffusion time and concentration. Photo-bleaching of fluorescent
molecules causes the opposite effect, namely a decrease in diffusion time and
concentration. Both effects can occur at the same time and can be linked
with triplet processes. Choosing the laser excitation power well below the
onset of saturation and bleaching can minimize the effects. Furthermore,
a number of studies have investigated the effects of fluorescence saturation
and bleaching and have proposed different methods to account for the effects
[Nishimura and Kinjo, 2004; Nagy et al., 2005; Davis and Shen, 2006].
Background artefacts
Uncorrelated background that arises from fluorescence which does not orig-
inate from the fluorescently labeled particle of interest influences the ampli-
tude of the correlation function and hence the apparent concentration. The
apparent diffusion coefficient is not affected. Uncorrelated background can
be due to laser excitation stray light, dark counts of the detector at low count
rates or auto-fluorescence in biological samples. The effect of background sig-
nal can be accounted for by replacing the measured fluorescence F with the
actual fluorescence F ′ and the background signal B
F (t) = F ′(t) +B (4.19)
this leads to the corrected auto-correlation function G′
G′(τ) =
(〈F ′〉+B)2
〈F ′〉2
·G(τ) (4.20)
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and the corrected cross-correlation function G′i,j
G′i,j =
〈Fi〉
〈Fi〉 −B
· 〈Fj〉
〈Fj〉 −B
·Gi,j(0). (4.21)
Spectral cross-talk in FCCS
The unwanted detection of one fluorescent dye, e.g. green (g) in the other
color channel, e.g. red (r) is a major problem in dual-color fluorescence cross-
correlation spectroscopy. Spectral cross-talk can usually not be avoided and
therefore the recorded FCCS curves must be corrected. The measured fluo-
rescence F (which contains cross-talk) depends on the real emitted fluores-
cence F̂ by
Fg = F̂g + γF̂r Fr = F̂r + βF̂g (4.22)
The cross-talk can be determined in a calibration experiment in which only
one fluorophore is excited while the resulting fluorescent signal is recorded in
both channels as Fr and Fg. The ratio of the two signals yields the cross-talk
coefficients γ = Fg/Fr and β = Fr/Fg. The real emitted fluorescence can
now be calculated with
F̂g =
Fg − γFr
1− γβ
F̂r =
Fr − βFg
1− γβ
. (4.23)
The measured auto-correlation curve G(τ) is defined as in eq. (2.11 and 2.12,
respectively). Under the assumption that 〈Fr(t)Fg(t+ τ)〉 = 〈Fg(t)Fr(t+ τ)〉
including the real emitted fluorescence intensity F̂r and F̂g, respectively,
yields the real auto-correlation curve for the red channel
Ĝr(τ) =
〈F ′r〉2 ·G′r(τ) + β2 · 〈F ′g〉2 ·G′g(τ)− 2β · 〈F ′r〉 · 〈F ′g〉 ·G′CC(τ)
〈F ′r − β · F ′g〉2
(4.24)
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and analogous for the green channel
Ĝg(τ) =
〈F ′g〉2 ·G′g(τ) + γ2 · 〈F ′r〉2 ·G′r(τ)− 2γ · 〈F ′g〉 · 〈F ′r〉 ·G′CC(τ)
〈F ′g − γ · F ′r〉2
.
(4.25)
The measured cross-correlation curve is defined as in eq. (2.13 and 2.14,
respectively). Under the assumption that 〈Fr(t)Fg(t+ τ)〉 = 〈Fg(t)Fr(t+ τ)〉
the real cross-correlation curve now reads
ĜCC(τ) =
〈F ′g〉 · 〈F ′r〉 ·G′CC(τ)− β · 〈F ′g〉2 ·G′g(τ)
〈F ′g〉 · 〈F ′r〉 − β · 〈F ′g〉2
. (4.26)
In most cases there is no appreciable cross-talk from the red into the green
channel, so γ = 0 and hence Ĝg(τ) = Gg(τ).
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4.4 Results (part II)
4.4.1 Smo clustering measured by FCCS
FRET experiments have shown, that phosphorylation in response to Hh pro-
motes Smo dimerization at the membrane [Zhao et al., 2007]. We employed
two-color fluorescence cross-correlation spectroscopy (FCCS) to quantita-
tively analyse the clustering of Smo under different experimental conditions
[Bacia et al., 2006; Weidemann et al., 2011]. FCCS is a powerful alternative
to FRET, because it does not depend on any direct interaction between the
fluorophores. Whereas FRET can provide false negatives in case the two
fluorophores do not have the correct distance and orientation, FCCS is inde-
pendent of these parameters and requires only that both fluorophores move
together. FCCS allows to quantitatively determine the interactions between
two molecules labeled with two spectrally distinct fluorophores (Fig. 4.12).
Auto-correlation analysis of the individual fluorescence signal yields average
dwell times and numbers of observed particles. The cross-correlation be-
tween the two color channels instead, indicates molecular interactions. The
relative cross-correlation can be used as a direct measure of the degree of
molecular binding [Bacia et al., 2006; Weidemann et al., 2011]. To investi-
gate Smo oligomerization at the membrane we first generated C-terminally
tagged Smo-RFP, SmoSD-RFP and SmoSA-RFP. We then performed FCCS
measurements in S2R+ cells that were co-transfected with red and green flu-
orescent Smo versions. To obtain a baseline as well as maximum achievable
cross-correlation we employed independently membrane anchored mRFP and
GFP constructs and a membrane anchored mRFP-GFP fusion protein, re-
spectively. All results of the FCCS analysis of Smo clustering under different
experimental conditions are shown in figure 4.13. In cells co-expressing mem-
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brane anchored mRFP and GFP we measured a cross-correlation of 2.0 ±
1.6 %. In contrast, cells expressing the membrane anchored mRFP-GFP fu-
sion protein showed a positive cross-correlation of 42.5 ± 6.6 %. Wild-type
Smo displayed an increased cross-correlation (14.5 ± 11.2 %) compared to
the negative control (p <0.1) indicating a low level of protein clustering at
the membrane while the signal pathway is inactive. Stimulation with Hh in-
creased the cross-correlation to 27.7 ± 10.0 %. As expected for constitutively
active Smo at the plasma membrane [Zhao et al., 2007] we measured strong
cross-correlation (44.0 ± 11%; p <0.01 vs. wild type) for the phosphomimic
version SmoSD. In the absence of ligand non-phosphorylatable SmoSA ex-
hibited weak cross-correlation at the level of non-stimulated wild-type Smo
(12.4 ± 10.7 %; p <01. vs. wild type). However, treatment with Hh induced
significant clustering also for SmoSA (28.1 ± 10.0 %; p <0.01 vs. no ligand)
that is comparable with stimulated wild-type Smo (p <0.01). Finally, block-
ing endocytosis by dynasore, which was sufficient to trap Smo at the plasma
membrane and induce phosphorylation, also increased Smo clustering (28.0
± 10.4 %; p <0.01 vs. wild type).
We conclude that an open, possibly phosphorylated conformation of Smo
induces clustering. However, phosphorylation by itself is not required for
oligomerization as Hh also induces clustering of non-phosphorylatable SmoSA
at the plasma membrane. Based on the maximum cross-correlation values
measured for an mRFP-GFP fusion protein and those measured for the dif-
ferent Smo versions, we conclude further that Smo clusters at the plasma
membrane to stoichiometries higher than dimers [Weidemann et al., 2002].
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Figure 4.13: FCCS analysis of Smo clustering. (A) Representative examples of
auto-correlation (red and green) and cross-correlation (blue) curves for wild-type Smo
(left panel) and SmoSD (right panel). An increased cross-correlation amplitude (arrow)
indicates stronger clustering for SmoSD. (B) Quntification of cross-correlation fractions
(CCmax). A membrane bound GFP-mRFP fusion protein serves as positive control (blue
dashed line), while independently membrane anchored GFP and mRFP constructs consti-
tute the measurement baseline (red dashed line). SmoSD shows increased cross-correlation
compared to wild-type Smo. Cross-correlation of both wild-type Smo and SmoSA in-
creases upon treatment with Hh. Blocking endocytosis with dynasore also increases Smo
clustering in the absence of Hh. Boxplot shows 1st and 3rd quartile (box), median (line)
and mean (square). Whiskers represent 1.5x interquartile distance and circles individual
measurements. (*** indicates p <0.01, ANOVA followed by Tukeys HSD).
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4.5 Discussion
The Hh signalling pathway, although extensively studied for several decades,
is still not entirely understood in its function and mechanism. This is partly
due to the ”Byzantine nature” [Ingham et al., 2011b] of the pathway, which
differs from other classical developmental signalling pathways, and partly be-
cause of the lack of new and innovative experimental tools. Thus, much still
remains to be discovered.
We developed a fluorescent reporter which enabled us to observe the lo-
calisation as well as the phosphorylation state of the Hh signal transducer
Smo with high resolution. We furthermore employed advanced biophysical
methods which allowed us to quantitatively describe the pathway on protein
level. Our results enabled us to order the individual events which immedi-
ately follow the binding of Hh to Ptc. Based on the information gained we
propose the following model: the activity of Smo is controlled by the coupled
equilibria of phosphorylation and trafficking. The equilibrium of phosphory-
lation is biased depending on whether Smo is localised at the plasma mebrane
(towards phosphorylation) or at intracellular membranes (towards dephos-
phorylation). The equilibrium of trafficking is intrinsically biased towards
secretion (towards the plasma membrane). Ptc activity shifts this bias to-
wards endocytosis for the non-phosphorylated pool of Smo. The binding of
Hh inactivates Ptc and induces the translocation of Smo from internal mem-
branes to the plasma membrane. Here, phosphorylation dominates, caus-
ing the opening of the cytoplasmic tail and subsequent signal transduction.
Phosphorylation is already known to prevent Smo from ubiqutiylation and
endocytosis [Li et al., 2012; Xia et al., 2012]. Essentially, the phosphorylation
of Smo is controlled by its localisation at the mebrane. Our model agrees
with other observations which contribute Ptc a role in the regulation of Smo
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localisation [Khaliullina et al., 2009; Yavari et al., 2010] rather than Smo
phosphorylation [Zhang et al., 2004; Jia et al., 2004; Apionishev et al., 2005;
Zhao et al., 2007; Li et al., 2012; Xia et al., 2012].
In cooperation with Lutz Brusch (TU Dresden) a simplified nondimesion-
alised equilibrium model was developed which simulates Smo activation in
response to Hh. Our experimental results confirm a simulation in which
the activity of Ptc primarily affects the redistribution of Smo to the plasma
membrane [Kupinski et al., 2013].
Ptc Smo Hh Ptc Smo
Figure 4.14: Smo activity is determined by trafficking and phosphorylation.
Smo phosphorylation depends on its localisation. Smo localisation is intrinsically biased
towards the plasma membrane for both forms of Smo. (A) In the absence of Hh, Ptc
activity leads to the internalization of non-phosphorylated Smo, while phosphorylated Smo
is resistant to Ptc. (B) Hh binding inactivates Ptc and causes the translocation of Smo to
the plasma membrane. Here phosphorylation dominates causing signal transduction.
In contrast to previous results [Zhao et al., 2007] our FCCS experiments
show that phosphorylation is dispensable for clustering. This discrepancy is
probably due to the superior quantitative resolution of FCCS compared with
the FRET methods employed by Zhao and colleagues. Consequently, Ptc
activity must prevent Smo clustering at the membrane. Further experiments
need to test whether the roles of Ptc in Smo clustering and trafficking repre-
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sent two aspects of the same molecular function or whether they are distinct,
separable functions of Ptc. The FCCS approach also enabled us to estimate
the individual cluster size. We observed that the cross-correlation of SmoSD
is significantly higher than Hh stimulated wild-type Smo. Thus, even in the
presence of Hh the equilibrium of phosphorylation at the plasma membrane
cannot be completely shifted towards the phosphorlyated form. Conversely,
even the fully non-phosphorylatable SmoSA construct can be detected and
trapped at the plasma membrane, indicating that its equilibrium is not fully
shifted towards endocytosis. Consistent with my observations a recent study
demonstrates that Hh induced clustering of Smo within lipid rafts is essen-
tial for signal transduction [Shi et al., 2013]. Since receptor clustering is a
common feature within the family of GPCR signalling receptors, this may
hint at a GPCR-like function of Smo that has recently been discussed in the
literature [Ayers and Thérond, 2010; Shi et al., 2013].
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Chapter 5
Material and methods
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5.1 Drosophila stocks and fly husbandry
Flies were maintained according to standard protocols [Ashburner et al.,
2011]. Flies and crosses were kept at 25 ◦C or for temperature-sensitve stocks
at 18 ◦C. 1-4 days after eclosion adult flies were either directly analyzed or
subjected to further treatment. The following D. melanogaster lines were
used in this study:
c587::Gal4 [Manseau et al., 1997], hh::Gal4 [Tanimoto et al., 2000], nos::Gal4VP16
[Van Doren et al., 1998], upd::Gal4 [Halder et al., 1995], ap::Gal4 [Calleja
et al., 1996], 71B::Gal4 [Brand and Perrimon, 1993].
UAS::DE-Cadherin-GFP (gift from Christian Dahmann), UAS::Dpp-GFP
[Entchev et al., 2000], UAS::Hh [Strigini and Cohen, 1997], UAS::Punt-
GFP (gift from Marcos González-Gaitán), UAS::RedStinger [Barolo et al.,
2004], UAS::GFP (citation) and UAS::Su(H)-VP16 [Cooper et al., 2000].
UAS::hpDE-Cadherin (VDRC27081), UAS::hpExo70 (VDRC27867), UAS::hpSec5
(VDRC28873), UAS::hpSec6 (VDRC22079) and UAS::hpSec8 (VDRC45032)
from the Vienna Drosophila RNAi Center. UAS::Dpp-RFP, UAS::Sec15-
Cherry, UAS::TIPF and UAS::Tkv-Cherry [Michel et al., 2011]. tub::Gal80ts
[McGuire et al., 2003], tub::Rab11-YFP [Marois et al., 2006], bam∆27::TIPF
and Ubi::DE-Cadherin-RFP [Michel et al., 2011], gef263 ,gef266 and gef26dizzy1.
UAS::ptc [Mart́ın et al., 2001], UAS::ptc1130x [Johnson et al., 2000], UAS::shibireK44A
[Moline et al., 1999], UAS::PKA. tub::Smo-IP, UAS::SmoIP, UAS::SmoSA-
IP, UAS::SmoSD-IP [Kupinski et al., 2013].
bam::GFP [Chen and McKearin, 2003], ptc::LacZ (ptcAT96) [Struhl et al.,
1997] and upd::LacZ (lacZPD) [Sun et al., 1995], dpp::LacZBS3.0 [Blackman
et al., 1991], smo2 and smo3 [Nusslein-Volhard et al., 1984].
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5.2 Transgenes and plasmid constructs
The generation of the TIPF and Smo-IP reporter and the SmoSA-IP and
SmoSD-IP reporter mutants have been described [Michel et al., 2011; Kupin-
ski et al., 2013]. Transgenic flies were generated by BestGene Inc. (USA) or
at the Max Planck Institute of Molecular Cell Biology and Genetics (Ger-
many). To create pUAST::Smo-GFP and pUAST::Smo-RFP, the ORFs
of eGFP and RFP were fused to the C-terminus of Smo by fusion PCR
and inserted into the pUAST vector. The SmoSA-GFP/RFP and SmoSD-
GFP/RFP versions were derived analogous to the corresponding Smo-IP con-
structs. To generate pUAST::memGFP, pUAST::memRFP and pUST::memGFP-
RFP the respective ORFs were fused to a Lyn palmytoylation/myrystoylation
site (the plasmid was a gift from G. Weidinger, Ulm) by PCR.
5.3 Laser scanning confocal microscopy
Traditional widefield microscopy suffers from the fact that regardless of the
focal plane, illumination via the objective produces fluorescence through-
out the whole specimen volume. As a result wide field images are often
blurred because the in-focus image information from the object plane of in-
terest is mixed with out-of focus image information from planes outside the
focal plane. This reduces image contrast and can introduce critical arti-
facts. Confocal laser scanning microscopy largely eliminates the out-of focus
information and has become a widely established technique to image bio-
logical samples. In a confocal LSM fluorescence emission gathered from the
specimen is filtered through a confocal pinhole aperture to reject light that
originates from planes outside the focal plane (Fig. 5.1). It is therefore possi-
ble to exclusively image a thin optical slice out of a thick specimen, a method
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known as optical sectioning.
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Figure 5.1: Beam path in a confocal LSM. A microscope objective is used to focus a
laser beam onto the specimen, where it excites fluorescence. The emission light is collected
by the objective and efficiently directed onto the detector via a dichroic beamsplitter. The
pinhole is arranged in front of the detector. Light coming from out-of focus planes cannot
pass the pinhole and therefore does not contribute to the image formation.
5.4 Buffers and solutions
1. BBS buffer
• 50 mM BES, pH 6.95, 280 mM NaCl and 1.5 mM Na2HPO
• sterile filtered (0.22 µm) and stored at 4 ◦C
2. PEM
• 80 mM PIPES, 5 mM EGTA, 1mM MgCl2 x 6H2O
• pH adjusted to 7.4 with 5 M NaOH
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3. PBS
• 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 1.8 mM KH2PO4
• pH adjusted to 7.4 with HCl
4. 25% PFA in H2O
• dissolved by heating, filtered (0.22 µm) and stored at −20 ◦C
• thawed at 60 ◦C before use
5. Air buffer
• 20 mM HEPES, pH 7.4, 150 mM NaCl, 15 mM glucose, 20 mM
trehalose, 0.15 mg/ml BSA, 5.4 mM KCl, 0.85 mM MgSO4 and
0.75 mM CaCl2
• sterile filtered (0.22 µm) and stored at 4 ◦C
5.5 Insect cell culture
Drosophila S2R+ cells (a kind gift from Elisabeth Knust, MPI-CBG, Dres-
den) were cultured at 25 ◦C, without CO2 in Schneiders Drosophila medium
+ L-Glutamine (Invitrogen or PAN BIOTECH) supplemented with 10% fe-
tal bovine serum (FBS, Invitrogen). Prior to use, FBS was heat-inactivated
at 56 ◦C for 60 min. S2R+ cells were typically passed at a density of 6 to 10
x 106 cells/ ml and split 1:3 to 1:5 dilution. Since S2 cells do not completely
adhere to surfaces, it was sufficient to detach cells by washing down the sur-
face of the culture flask (TPP, Techno Plastic Products, Switzerland) with
conditioned medium using a 5 ml pipette. The Actin5C-Gal4 plasmid was
used to drive the transient expression of a gene of interest inserted behind
a UAS enhancer. To introduce DNA into S2 cells the Calcium Phosphate
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Transfection method [Graham and van der Eb, 1973; Chen and Okayama,
1987], which is based on the formation of a calcium phosphate-DNA precip-
itate, was used. For transfection, S2R+ cells were seeded in a 24-well plate
(TPP, Techno Plastic Products, Switzerland) at 200.000 cells/ well and incu-
bated overnight in 1 ml medium. Then 800 ng of plasmid DNA were mixed
with 19.2 µl 0.25 M CaCl2, 20 µl of BBS buffer was added and the mixture
then incubated for 15 - 20 min at room temperature. After changing the
medium the solution was added drop wise to the cells and incubated at 25 ◦C
over night. The medium was removed and cells were washed once with 1x
PBS + 120 mM NaCl, pH 7.4. Fresh medium was added and the cells were
grown for an additional 24 h before harvesting.
5.6 Immunocytochemistry and microscopy
Flies were dissected in PEM. Testes, salivary glands or S2R+ cells were fixed
in 4% PFA (Sigma-Aldrich), testes and glands for 2x 20 min, S2R+ cells
for 2x 7min. In case cell permeabilization was desired Tween20 or TX-100
(Sigma-Aldrich) at 0.2% was added (PEMT) to the second fixation step and
subsequently used in all remaining steps. PFA was washed off with either
PEM or PEMT and free aldehydes were removed and quenched, respectively
by adding 50 mM NH4Cl in PEM. Then testes, glands or S2R
+ cells were
blocked with 0.5% BSA (Sigma-Aldrich) in either PEM or PEMT to mini-
mize unspecific binding for 30 - 60 min. Primary antisera (Table 5.1) were
then applied overnight at 4 ◦C (testes and glands) or for 1 h at room tem-
perature (S2R+ cells). After washing off unbound primary antibody with ei-
ther PEM or PEMT, the appropriate secondary antibody (1:500, Invitrogen)
and, if nuclear staining was desired, 1 µg/ ml 4’,6-diamidino-2-phenylindole
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(DAPI) was applied followed by washes ofeither PEM or PEMT. The sec-
ondary antibodies were raised in goat against the IgG (H+L) of the appro-
priate species and conjugated to the fluorophores AlexaFluor R© 405, 488, 568
or 633. Testes and glands were mounted on a slide using MOWIOL R© (Sigma
Aldrich) mounting media. S2R+ cells were imaged in an 8-well LabTek R©
chamber (Thermo Scientific).
Images of either testes or salivary glands or S2R+ cells were aquired using
laser scanning confocal microscopy (see 6.0.3). We used the following sys-
tems: Leica SP5, Zeiss LSM 700 and Zeiss LSM 780. Images presented here
correspond to single z-sections unless otherwise stated. Image processing and
analysis was performed using ImageJ/ Fiji [Schindelin et al., 2012].
5.7 Blocking endocytosis by dynasore and lig-
and stimulation
The small molecule dynasore is known to efficiently inhibit endocytic path-
ways that depend on dynamin by blocking clathrin-coated vesicle formation
[Macia et al., 2006]. Transiently transfected S2R+ cells were incubated with
25 µM dynasore (Sigma-Aldrich) for up to 1 h before live imaging or subse-
quent fixation. For FCCS measurements, cells were typically incubated for
10-15 min before starting the measurement. Cells were stimulated by adding
conditioned medium 12 hrs before either FCCS measurement or confocal
imaging or fixation. Hh conditioned medium was generated by incubating
S2R+ cells transiently transfected with UAS::Hh and Actin5C::Gal4 plasmids
for 6 days.
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Table 5.1: Primary antibodies
species antigen dilution source
mouse Armadillo (Arm) 1:100 DSHB
rat DE-Cadherin 1:100 DSHB
rat DN-Cadherin 1:50 DSHB
mouse Fasciclin III (FasIII) 1:100 DSHB
rabbit Vasa 1:30000 [Lasko and Ashburner, 1990]
rabbit Rab11 1:1000 [Satoh et al., 2005]
rabbit GFP 1:100 Clontech 632460
chicken GFP 1:2000 Abcam
rabbit Zinc finger homeodomain 1 (Zfh1) 1:4000 [Van Doren et al., 2003]
mouse ß-Galactosidase (ß-Gal) 1:1000 Promega Z3781
mouse Collier 1:100 [Dubois et al., 2007]
rabbit Spalt (Sal) 1:1000 DSHB
mouse Smoothened (Smo) 1:100 [Lum et al., 2003]
mouse Patched (Ptc) 1:100 DSHB
5.8 Sample preparation for FCCS measure-
ments
All measurements were performed on the membrane of transiently trans-
fected S2 cells. Therefore it was crucial to have cells flattened on the glass
surface of the coverslip. Since S2 cells including S2R+ cells generally ad-
here poorly to untreated glass, the coverglass (no. 1.5, 0.16-0.19 mm) of an
8-well LabTek chamber (Thermo Scientific) was treated with concanavilin
93
A (ConA, Sigma-Aldrich). For this, the chamber was incubated at 25 ◦C
overnight with 50 µg/ml ConA in ddH2O. The glass was then rinsed with
ddH2O and transiently transfected cells were allowed to settle and adhere to
the substrate for 1 h. For FCCS measurements the medium was replaced by
air buffer.
Table 5.2: Typical calibration values
Dye Brightness Diffusion time Structural parameter
Alexa488 18.257 kHz 22.936 µs 6.531
CFTM568 26.746 kHz 31.834 µs 5.505
5.9 FCCS data aquisition
FCCS was performed on a commercial system consisting of an LSM 780 and
a ConfoCor3 module (Carl Zeiss AG, Jena, Germany) at room temperature.
The 488 nm laser of an Argon multiline laser was used to excite EGFP, while
the 561 nm line of a DPSS (diode pumped all-solid-state) laser was used
to excite mRFP. The two laser lines were directed via a 488/561 dichroic
mirror onto the back aperture of a Zeiss C-Apochromat 40x, N.A.= 1.2,
water immersion objective. Fluorescence emission light was collected by the
same objective, passing a confocal pinhole (35 µm in diameter) and split into
two spectral channels by a secondondary dichroic beam splitter NFT 565.
To remove any residual laser light a BP 495-555 or LP 580 emission filter,
respectively, was employed. The fluorescence was recorded by avalanche
photodiodes (APDs) in each channel. A solution of 25 nM Alexa Fluor488
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(Life Technologies) and CFTM568 fluorescent dye (Biotium, Inc.) was used
to calibrate the optimal position of pinhole and correction ring for maxium
particle brightness in the red channel (Table 5.2). In each cell FCCS was
measured at the membrane, typically close to the edge of the cell in order
to avoid contributions to the measured signal from the cytoplasm (Fig. 5.2).
For precise positioning of the crosshair for FCCS a single image was taken in
photon counting mode with the same beam path and APDs as detectors.
40x/1.2 W
SmoSD-RFP SmoSD-GFP overlay
A B
Figure 5.2: FCCS to detect protein-protein interactions.(A) Drosophila S2R+
cells expressing independently membrane anchored mRFP (red) and GFP (green). Both
proteins are found all the way to the margin of the cell spreading on the ConA coat (arrow).
(B) Experimental setup to measure Smo clustering at the membrane of cells transfected
with red or green versions of Smo.
5.10 FCCS data analysis
The fluorescence signal of each run was software correlated following the
definitions for auto- and cross-correlation.
Gi,j(τ) =
〈δFi(t)δFj(t+ τ)〉
〈Fi(t)〉〈Fj(t)〉
(5.1)
Runs, that showed significant photo-bleaching or intracellular movement were
discarded. A model including one species diffusing in a two-dimensional
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system and a term accounting for the photo-physics was fitted to the auto-
correlation curve of the red channel using a weighted Marquardt non-linear
least fitting algorithm. The auto-correlation curve of the green channel and
the cross-correlation curve was fitted using the same algorithm with a model
including two diffusing species and a term accounting for the photo-physics.
G(τ) =
1
V C
·GT (τ) ·GD(τ)
=
1
V C
· 1− fT + fT e
− τ
τT
1− fT
·
(
f1
1 + τ
τ1
+
1− f1
1 + τ
τ2
)
(5.2)
fT represents the fraction of molecules in the dark state, τT the lifetime of
the dark state, τ1 and τ2 are the diffusion times of one and two species,
respectively. f1 is the fraction of one species. Since red fluorophores such as
mRFP are known to exhibit strong blinking behaviour (reference), the triplet
state relaxation time was fixed to 300 µs for the auto-correlation curve in the
red channel. The triplet fraction of the cross-correlation curve was fixed to
zero. The amplitudes Gi,j(0) were corrected for auto-fluorescent background
in the cells
G′i,j =
〈Fi〉
〈Fi〉 −B
· 〈Fj〉
〈Fj〉 −B
·Gi,j(0). (5.3)
Here, F is the measured count rate and B the measured background count
rate, which was determined in unlabeled cells. In addition, background cor-
rected amplitudes G′i,j(0) were corrected for spectral cross talk. Spectral
cross talk was only observed from the green into the red channel, with β=
0.09. Therefore, the green amplitude is unaffected, while the red and cross-
correlation amplitude need to be corrected for. Here 〈F ′〉 is the background
corrected count rate 〈F ′〉 = 〈F 〉 −B.
Ĝg(τ) = G
′
g(τ) (5.4)
Ĝr(τ) =
〈F ′r〉2 ·G′r(τ) + β2 · 〈F ′g〉2 ·G′g(τ)− 2β · 〈F ′r〉 · 〈F ′g〉 ·G′CC(τ)
〈F ′r − β · F ′g〉2
(5.5)
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ĜCC(τ) =
〈F ′g〉 · 〈F ′r〉 ·G′CC(τ)− β · 〈F ′g〉2 ·G′g(τ)
〈F ′g〉 · 〈F ′r〉 − β · 〈F ′g〉2
(5.6)
The number of fluorescent particles in the detection volume was calculated
from the corrected amplitudes by:
Gg(0) =
1
Ng +Ngr
;Gr(0) =
1
Nr +Ngr
(5.7)
GCC(0) =
Ngr
(Ng +Ngr) · (Nr +Ngr)
(5.8)
Here, Ng is the number of only green labeled particles, Nr the number of only
red labeled particles and Ngr the number of particles labeled both, green and
red. The amount of cross-correlation was calculated by dividing the number
of double labeled particles by the number of all red labeled particles
CC =
Ngr
Nr +Ngr
=
GCC(0)
Gg(0)
. (5.9)
5.11 Statistical analysis and software pack-
ages
ImageJ/Fiji [Schindelin et al., 2012] was used for image processing and anal-
ysis. Adobe CS4 was used to generate illustrations and to assemble the final
figures. The thesis was written using LATEX.
Statistical analysis of image data or FCCS data was performed using the R
software package version 2.15.0 [Team, 2014].
Data is presented as mean ± standard deviation unless otherwise stated. In
box plots the box extends from the lower to the upper quartile with a line at
the median (middle quartile). Whiskers extend to the last data point within
97
1.5x the interquartile range for both lower and upper quartiles. Data points
outside this range are displayed as individual points.
Two samples were compared using a two-sided Student’s t test. Comparison
of multiple samples was performed using single-factor or two-factor analysis
of variance (ANOVA) followed by Tukey’s test.
Two-sided Fisher’s exact test was used to check 2x2 contingency tables for
a correlation between categoric variables. Bonferroni correction was used for
multiple comparisons.
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Conclusion
”Das ich erkenne, was die Welt // Im Innersten zusammenhält”.
[von Goethe, 1808]
Cells do not live in isolation. Their survival depends on the communication
with the outside environement as well as with one another. In multicellular
organisms, cell to cell communication allows for specialization of groups of
cells, their coordination as well as their regulation and hence the survival
of the entire organism. In single-celled organisms cell-to-cell communication
allows populations of cells to work like a team and hence accomplish tasks a
single cell could not achieve.
The study of cell to cell communication is of fundamental importance if
we want to understand life in general and human life in particular and in-
volves multiple biological, physical and chemical disciplines. As biological
signalling networks are highly analogous to electronic signalling networks,
computational algorithms are useful to model the structure and mechanism
of a signalling network based on experimental measurements. These simula-
tions can then predict the response of the system under different conditions.
This work investigated cell-to-cell communication using the example of two
highly conserved signalling pathways. The development and use of innovative
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technology allowed us to uncover a particular mode of signal transmission in
the BMP signalling pathway which is likely to be relevant for higher organ-
isms. It further allowed us to discover a novel function of the Hh signalling
pathway as well as to dissect its mechanism of signal transduction with high
resolution.
Our approach of combining the visualisation of the phosphorylation state of
individual signalling pathway components and microscopy-based advanced
biophysical methods holds a great potential to uncover the cell biological
mechanism underlying cell-to-cell communication.
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Kicheva, A. and M. González-Gaitán (2008, April). The decapentaplegic
morphogen gradient: a precise definition. 20 (2), 137–43.
Kiel, M. J., O. H. Yilmaz, T. Iwashita, O. H. Yilmaz, C. Terhorst, and S. J.
Morrison (2005, July). SLAM family receptors distinguish hematopoi-
etic stem and progenitor cells and reveal endothelial niches for stem cells.
Cell 121 (7), 1109–21.
Kiger, A. A., D. L. Jones, C. Schulz, M. B. Rogers, and M. T. Fuller (2001,
December). Stem cell self-renewal specified by JAK-STAT activation in
response to a support cell cue. Science 294 (5551), 2542–5.
109
Knox, A. L. and N. H. Brown (2002, February). Rap1 GTPase regulation
of adherens junction positioning and cell adhesion. Science 295 (5558),
1285–8.
Koppel, D. E., D. Axelrod, J. Schlessinger, E. L. Elson, and W. W. Webb
(1976, November). Dynamics of fluorescence marker concentration as a
probe of mobility. Biophys J. 16 (11), 1315–29.
Kupinski, A. P., I. Raabe, M. Michel, D. Ail, L. Brusch, T. Weidemann,
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